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  Nuclear speckles have been studied intensively for a long time. Accumulating evidence 
has suggested that nuclear speckles have a dynamic structure, and are associated with a 
significant fraction of active chromosome regions and genes. However, their mobility and the 
regulation mechanism of their number and size are still poorly understood. Importantly, the 
functional significance of the speckle-gene association also remains unclear. To understand 
speckle dynamics and effects of speckle-gene association on gene expression better, I study the 
mobility of nuclear speckle bodies and its effect on morphological change of speckle size in 
chapter 2, and transcription enhancement by speckle-gene association in chapter 3. 
In chapter 2, I show significantly increased mobility of nuclear speckles after 
transcriptional inhibition, including long-range directed motion of one speckle towards another 
speckle, terminated by speckle fusion, over distances up to 4 µm and with velocities between 
0.2-1.5 µm/min. Frequently, 3 or even 4 speckles follow very similar paths, with new speckles 
appearing along the path followed by a preceding speckle. Speckle movements and fusion events 
contribute to the formation of fewer but larger speckles after transcriptional inhibition. These 
speckle movements are not actin-dependent, but occur within chromatin-depleted channels 
enriched with small granules containing the speckle-marker protein SON. Our observations 
suggest a mechanism for long-range, directed nuclear speckle movements, contributing to the 
overall regulation of nuclear speckle number and size as well as the nuclear organization. 
 In chapter 3, I show nuclear speckle association results in several-fold transcriptional 
amplification of Hsp70 genes. Hsp70 BAC transgenes and endogenous genes turn on 2-4 mins 
after heat shock irrespective of their distance to nuclear speckles.  However, I observe 12-56-fold 
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and 3-7-fold higher transcription levels for speckle-associated Hsp70 transgenes and endogenous 
genes, respectively, after 1-2 hrs heat shock. Several-fold higher transcription levels for several 
genes flanking the Hsp70 locus also correlate with speckle-association at 37 ℃.  Live-cell 
imaging reveals this modulation of Hsp70 transcription temporally correlates with speckle 
association/disassociation.  Our results demonstrate stochastic gene expression dependent on 
positioning relative to a liquid-droplet nuclear compartment enriched in RNA processing and 
transcription-related factors through a “transcriptional amplification” mechanism, which is 
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The spatial organization in the interphase nucleus results in nuclear functional 
compartmentalization. Chromosomes are compartmentalized into discrete regions in the nuclei 
referred to as ‘chromosome territories’ (T. Cremer & Cremer, 2001a). Highly expressed genetic 
regions of chromosomes are found in the nuclear interior while low expressed regions are found 
near the nuclear periphery. This radial positioning correlates not only with transcriptional activity 
and gene density but also DNA replication timing (Bolzer et al., 2005; Boyle et al., 2001; M. 
Cremer et al., 2003; T. Cremer & Cremer, 2001a; Croft et al., 1999; Tanabe, Habermann, Solovei, 
Cremer, & Cremer, 2002) 
Membraneless nuclear bodies such as nuclear speckles, Cajal bodies, and nucleoli are also 
non-randomly distributed in nucleus, and preferentially associated with specific genome loci 
(Carmo-Fonseca, Mendes-Soares, & Campos, 2000; Frey & Matera, 1995; Smith, Moen, Wydner, 
Coleman, & Lawrence, 1999). Nuclear speckles are, one of the first defined subnuclear bodies, are 
known as SC35 domains or the splicing factor compartment. By SC35 immunofluorescence 
staining and fluorescence microscopy, the pre-mRNA processing factors were found 
heterogeneously distributed over 20-50 irregularly shaped domains per interphase nucleus 
(Straatman, Trompetter, Schul, & Schel, 1996). Investigations of the relationships between genes 
located near speckles and transcriptional activity have shown that a subset of active genes was 
preferentially located near nuclear speckles (Yu Chen et al., 2018; Quinodoz et al., 2018), which 
refines the nuclear radial positioning model. However, these studies about the correlation between 
transcriptional activity and speckle-gene association do not address the actual functional 
significance of speckle-gene association in gene expression.  
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In this thesis, I will discuss dynamics of nuclear speckles and functional effects of speckle-
gene association on their transcription. 
 
Overview of nuclear speckle dynamics 
By electron microscopy, nuclear speckle structures were found to correspond to 
interchromatin granule clusters (IGCs) composed of ~20 nm sized ribonucleoprotein (RNP) 
granules linked together by thin fibrils (Monneron & Bernhard, 1969), and enriched in RNA 
processing factors and polyadenylated RNA (Spector, 1993; Thiry, 1995).  By light microscopy 
and multiple antibodies which specifically recognize SC35, 20-50 discrete domains per nucleus 
have been regarded as nuclear speckles corresponding to IGC (Jimenez-Garcia & Spector, 1993). 
Proteomic analysis of nuclear speckles identified ~150 proteins, and the majority of the proteins 
were involved in mRNA metabolism, transcription, RNA polymerase II assembly, and mRNA 
export (Mintz, Patterson, Neuwald, Spahr, & Spector, 1999; Saitoh et al., 2004). Various kinases 
and phosphatases also have found in nuclear speckles, suggesting that speckles may regulate the 
activities or supply of transcription or mRNA processing factors (Sacco-Bubulya & Spector, 2002; 
Trinkle-Mulcahy, Sleeman, & Lamond, 2001). In spite of numerous proteins co-existing within 
speckles, protein-protein interactions based on low-complexity regions (LCRs) such as 
serine/arginine (SR) motifs and protein-RNA interactions maintain nuclear speckle domains 
separated from nucleoplasm or other nuclear bodies (Caceres, Misteli, Screaton, Spector, & 
Krainer, 1997; Hedley, Amrein, & Maniatis, 1995; Li & Bingham, 1991). In addition to 
transcription factors or pre-mRNA processing factors, a significant amount of poly (A+) RNA is 
localized in nuclear speckle. Since the poly(A+) RNA in nuclear speckle remains and is 
concentrated into larger and fewer clusters after transcription inhibition, the corresponding 
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poly(A+) RNA in nuclear speckle is considered not to be nascent transcript, but rather one of 
constitutive components of speckle or nuclear function-related factors (Huang, Deerinck, 
Ellisman, & Spector, 1994). 
Various RNA-protein bodies have been proven to have general physical characteristics of 
liquid droplets. For example, they have a separate phase from their surrounding and the capability 
to deform in response to stimuli (Hyman, Weber, & Juelicher, 2014; Zhu & Brangwynne, 2015). 
Nuclear speckles are nuclear RNA-protein bodies, and expected to behave like liquid phase 
droplets. Indeed, dynamic structural and distribution changes have observed during mitosis or in 
response to transcriptional inhibition or viral infection but once speckles form, they occupy a 
discrete nuclear area with specific functional components within the crowded nuclear space with 
numerous macromolecules. 
Although nuclear speckle may appear to be stationary in the interphase nucleus as viewed 
by wide-field fluorescence microscopy, there is a rapid exchange of speckle components between 
the speckle and the surrounding nucleoplasm, resulting in a steady-state flux of proteins. 
Fluorescence recovery after bleaching (FRAP) experiments with SF2/ASF reveals that the mean 
immobile population is ~10%, and the complete recovery takes ~30 sec with t1/2 in the range 
between several seconds and ~20 sec (Kruhlak et al., 2000; Phair & Misteli, 2000). This mobility 
of SF2/ASF between individual speckles or between speckle and nucleoplasm slightly increases 
during RNA polymerase II inhibition or protein kinase inhibition. It results in subnuclear 
distribution changes but the overall mobility does not change (Kruhlak et al., 2000; Phair & 
Misteli, 2000). 
Although inhibition of RNA polymerase II activity has little effects on the overall 
molecular mobility of SC35 or SF2/ASF, it significantly redistributes nuclear speckles into larger 
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domains but fewer in number (Melcak et al., 2000; D L Spector, X D Fu, & T Maniatis, 1991). 
Upon incubation of cells with DRB, known to cause early termination of 70~80% of pre-mRNA 
transcription (Tamm, 1977), the nuclear speckles round up, and the connections between speckles 
are lost. Similar changes were observed after α-amanitin treatment that inhibits RNA polymerase 
II (Spector, 1993; Xie, Martin, Guillot, Bentley, & Pombo, 2006). Disruption of pre-mRNA 
splicing by snRNA-targeting oligonucleotide injection also caused the similar reorganization of 
nuclear speckles (O'Keefe, Mayeda, Sadowski, Krainer, & Spector, 1994).  
In contrast that speckle components are more concentrated in their compartments during 
transcription inhibition, when a high level of transcription is induced by viral infection, nuclear 
speckle components are released more from nuclear speckles (Bridge et al., 1995; Jimenez-Garcia 
& Spector, 1993). Similarly, Misteli et al. have demonstrated that a nuclear speckle redistributes 
or buds off its components to sites of transcription responding to transcriptional activation in live 
cells (Misteli, Cáceres, & Spector, 1997). 
Besides the change in RNA polymerase II activity, phosphorylation states of SR proteins 
also change the distribution of nuclear speckles. Overexpression of SR protein kinase Clk/STY 
causes a complete redistribution of nuclear speckle component proteins into a diffuse distribution 
in interphase nuclei (Sacco-Bubulya & Spector, 2002). During mitosis, speckles break up, and 
their components are distributed diffusely throughout the cytoplasm by SRPK1 until splicing 
factors accumulate in the cytosol as mitotic interchromatin granules (MIGs). Then they migrate 
into daughter nuclei in late telophase to reform into nuclear speckles (Bubulya et al., 2004; Gui, 
Lane, & Fu, 1994; Prasanth, Sacco-Bubulya, Prasanth, & Spector, 2003; Spector & Smith, 1986). 
Overview of studies on speckle association of gene and its putative functions 
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Nuclear speckles contain the numerous transcription factors such as RNA polymerase II 
subunits, hyper-phosphorylated form of RNA polymerase II (Bregman, Du, Vanderzee, & Warren, 
1995; Mortillaro et al., 1996), splicing factors (Blencowe, Issner, Nickerson, & Sharp, 1998; D L 
Spector et al., 1991), poly A RNA (Carter, Taneja, & Lawrence, 1991; Visa, Puviondutilleul, 
Harper, Bachellerie, & Puvion, 1993), putative RNA helicase (Gee et al., 1997), and elongation 
factors (Herrmann & Mancini, 2001). 
Although these numerous functional factors exist within nuclear speckles, facts of no 
existence of DNA, the active form of RNA polymerase II, and no uridine labeling in nuclear 
speckles contributed a recruiting mechanism model that splicing factors shuffle between IGCs and 
transcriptionally active sites. This model suggests that speckles merely serve as storage and/or 
reassembly sites of splicing factors. Instead, perichromatin fibrils were considered as pre-mRNA 
and the sites of active transcription (Cmarko et al., 1999; Fu & Maniatis, 1990; Spector, Fu, & 
Maniatis, 1991).  
However, growing evidence suggests that nuclear speckles directly involve in mRNA 
metabolism including splicing and mRNA export (Dias, Dufu, Lei, & Reed, 2010; Ishihama, 
Tadakuma, Tani, & Funatsu, 2008; Johnson et al., 2000; Melcak, Melcakova, Kopsky, Vecerova, 
& Raska, 2001; Takizawa, Meaburn, & Misteli, 2008). 
Previous studies showed that a close association or colocalization between nuclear speckles and 
nascent RNAs for other endogenously expressed RNA transcripts such as fibronectin, neurotensin, 
collagen IaI, and the Epstein Barr virus Bam W RNA (Xing, Johnson, Dobner, & Lawrence, 1993; 
Xing, Johnson, Moen, McNeil, & Lawrence, 1995; Xing & Lawrence, 1991). Similarly, the 
induced expression of c-fos transcripts was found to be closely associated with SC35 domains 
(Huang and Spector, 1991). These speckle association of transcripts from a single gene has been 
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interpreted that nuclear speckles supply splicing or transcription factors to the adjacent site of 
transcription (Lamond&Spector 2003).  
However, the association of multiple active genes with a speckle suggests that speckle itself can 
serve as a functional site rather than a storage site. During erythroid differentiation, in intermediate 
erythroblasts, active human globin genes were found to frequently associate with the same nuclear 
speckle, correlating with their transcriptional activity (Brown et al., 2006). Moreover, four co-
transcribed erythroid genes from different chromosome clustered around a common nuclear 
speckle (Brown et al., 2008). Shopland et al. found gene-rich actively transcribed chromosomal 
regions were specifically organized close to SC35 domains whereas the gene-poor regions were 
not (Shopland, Johnson, Byron, McNeil, & Lawrence, 2003). Moreover, recent new genomic 
results showed a genome-wide spatial correlation between nuclear speckles and a substantial 
subset of transcriptionally active genes or genomic regions (Y. Chen et al., 2018; Quinodoz et al., 
2018). These support the model that a speckle is a functional nuclear hub for surrounding genes 
likely to enhance mRNA metabolism activity due to the high local concentration of mRNA 
processing factors.  
 The various mechanisms for the association between active genes and speckle have been 
suggested. It was demonstrated that a single intron of exogenous RNAs was sufficient for speckle 
association. It seemed likely that splicing of nascent transcripts required positioning of nascent 
transcripts near speckles (Wang et al., 1991, Huang and Spector, 1996). However, the study 
comparing endogenous genes for E2F4, LMNA, LMNB1 and LBR, which are similar in gene size, 
complexity and expression level, showed different speckle association frequency. It suggests that 
localization of gene/pre-mRNAs with speckles is likely in a gene-specific manner (Smith et al., 
1999). Moreover, the intronless Hsp70 gene associated with SC35 domains upon transcriptional 
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activation (Jolly, Vourc'h et al. 1999), and the study dissecting genomic context of Hsp70 gene 
showed that promoter was sufficient for speckle association (Hu, Plutz, & Belmont, 2010). These 
results further support that speckle association can be gene specific or chromatin context. 
Therefore, speckle association of transcriptionally active genes may not only depend on its 
transcriptional activity or complexity but also its chromatin context. 
The positioning of nascent transcription relative to nuclear speckle has also been long-standing 
interest. Smith et al., defined two types of gene/RNA, depending on speckle association patterns 
(Smith et al., 1999). Type I RNA including MyHC and Collagen RNAs tends to accumulate within 
nuclear speckles, and its gene is highly active and associated with speckle most of the time. Type 
II RNA including LMNA and E2F4 accumulates at the periphery of nuclear speckle, and its gene 
is active, but less frequently associates with speckle than Type I gene. Although nascent transcripts 
can position either at the periphery or within nuclear speckles, a correct localization of nascent 
transcripts with speckles appears important. Splice-defected mRNA (collagen 1a1) accumulates at 
the periphery of speckle, while normal mRNA accumulates within speckles. The abnormal 
location of defected RNA accumulation results in no release from the domain and no export to the 
cytoplasm (Johnson et al., 2000). In myotonic dystrophy type 1 (DM1), expansion of CTG occurs 
in 3’ untranslated region of the gene encoding dystrophia myotonica protein kinase (DMPK) up to 
50-1000 repeats while normal alleles have 5-35 repeats. This abnormal triplet repeat expansion 
does not change speckle proximity of DMPK gene, but causes accumulation of mutant mRNA 
transcript at the periphery of nuclear speckle, and cytoplasmic export failures. The normal 
transcripts accumulate within nuclear speckles. (Smith, Byron, Johnson, Xing, & Lawrence, 2007). 
These results suggest that a proper localization of transcripts relative to nuclear speckles can be a 
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NUCLEAR SPECKLE FUSION VIA LONG-RANGE DIRECTIONAL 
MOTION REGULATES THE NUMBER AND SIZE OF SPECKLES  
 
Abstract 
  Although the formation of RNA-protein bodies has been studied intensively, their 
mobility and how their number and size are regulated are still poorly understood. Here, we show 
significant increased mobility of nuclear speckles after transcriptional inhibition, including long-
range directed motion of one speckle towards another speckle, terminated by speckle fusion, 
over distances up to 4 um and with velocities between 0.2-1.5 µm/min. Frequently, 3 or even 4 
speckles follow very similar paths, with new speckles appearing along the path followed by a 
preceding speckle. Speckle movements and fusion events contribute to fewer but larger speckles 
after transcriptional inhibition. These speckle movements are not actin-dependent but occur 
within chromatin-depleted channels enriched with small granules containing the speckle-marker 
protein SON. Our observations suggest a mechanism for long-range, directed nuclear speckle 
movements, contributing to overall regulation of nuclear speckle number and size as well as 














  Intracellular compartmentalization in eukaryotic cells is thought to represent a key 
evolutionary advance by which complex biochemical processes can be optimized and regulated 
within highly crowded cellular environments(Banks & Fradin, 2005; T. Cremer & Cremer, 
2001b; Weidemann et al., 2003). Compartmentalization is achieved not only with membrane-
bound organelles but also through membrane-less “bodies”, including P-bodies and stress 
granules in the cytoplasm and nucleoli, nuclear speckles, Cajal, and PML bodies in the nucleus. 
Most membrane-less bodies are RNA-protein-rich complexes which function in transcription, 
RNA processing, and/or protein modification(Hyman et al., 2014; Zhu & Brangwynne, 2015). 
Recent studies have led to the concept of RNA-protein bodies forming as the result of a phase 
transition between constituent RNA and proteins and surrounding cytoplasm or nucleoplasm 
through a demixing driven by interactions between low complexity sequences and multivalent 
molecules(T. N. W. Han et al., 2012; Kaiser, Intine, & Dundr, 2008; Kato et al., 2012; Schwartz, 
Wang, Podell, & Cech, 2013). RNA-protein bodies have been proven to have general physical 
characteristics of liquid droplets (Hyman et al., 2014; Zhu & Brangwynne, 2015). For example, 
P-granules undergo rapid assembly/disassembly, and exhibit dripping, fusion, and wetting by 
shearing force(Brangwynne et al., 2009), and nucleoli exhibit viscous fluid dynamics such as 
liquid bridge formation when they are ruptured(Brangwynne, Mitchison, & Hyman, 2011). 
Fluorescence recovery after photobleaching (FRAP) analysis of molecular dynamics showed that 
RNA-protein bodies continuously turnover many of their constituent molecules over a time-scale 
from a few seconds to a few minutes (Aizer et al., 2008; Buchan & Parker, 2009; Dundr et al., 
2004). These microscopy observations suggest that these bodies are in a liquid or gel state with a 
constant flux of constituent molecules. 
 Despite a number of studies examining liquid properties and related behaviors of other 
cellular bodies, both the physical properties and dynamics of nuclear speckle bodies have not 
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been well studied. Defined originally as interchromatin granule clusters (IGCs) by electron 
microscopy(Spector, 1993; Thiry, 1995), nuclear speckles contain large clusters of ~20 nm RNP 
granules and are enriched in RNA processing factors and polyadenylated RNAs (Carter et al., 
1991; Mintz et al., 1999; Saitoh et al., 2004). Nuclei typically contain 20-40 irregular shaped 
nuclear speckles varying in size from ~0.5 µm to several µm(Lamond & Spector, 2003). 
 Because “pure” liquid droplet bodies theoretically are predicted to merge into 
progressively fewer and larger droplets, a major question regarding cell bodies in general is how 
their number and size are regulated in the cell. Interestingly, with transcriptional inhibition 
nuclear speckles become rounder and larger with a reduction in their overall number(O'Keefe et 
al., 1994; D L Spector et al., 1991). Live-cell microscopy revealed that normally speckles were 
relatively stationary, but displayed extension and dissociating particles. However, no peripheral 
dynamics were observed in the absence of transcription(Misteli et al., 1997).  These previous 
studies did not address directly how speckle morphology changes dynamically in terms of 
speckle numbers, size and shape or how similar the physical properties of nuclear speckles were 
to the physical properties of other RNA-protein bodies described as showing liquid-droplet type 
behaviors.  
 Using the change in nuclear speckle morphology induced by transcriptional inhibition as 
a model system, here we studied the mobility and liquid-like behaviors of nuclear speckles. 
Consistent with previous observations, we observed a general change in morphology after 
transcriptional inhibition, with speckles becoming bigger and rounder. However, we found that 
this was accompanied by a significant increase in speckle mobility within the nucleus.  
 This increase in speckle mobility was not random. Instead we observed long-range, 
directional movement of multiple speckles over micrometer distances. Surprisingly, we observed 
repeated movement of multiple speckles over very similar trajectories, or “tracks”, followed by 
fusion to the same larger speckle.  In many cases this occurred through the nucleation of new 
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speckles at sites previously occupied by a speckle prior to its movement towards and fusion to a 
larger speckle or at sites along the path followed by a preceding speckle. These repeated fusion 
events contributed to the overall decrease in nuclear speckle number and increased mean speckle 
size as a function of time after transcriptional inhibition. Analysis of fusion events showed that 
speckles show a similar viscosity as measured previously for other RNA-protein bodies such as 
nucleoli and P-bodies (Brangwynne et al., 2009; Brangwynne et al., 2011).  Similar speckle 
dynamics were observed after treatment with other transcriptional inhibitors, after heat-shock or 
heavy metal stress, or under normal growth conditions during late G2 and prophase.  
Perturbing normal actin polymerization did not prevent speckle long-range motion, the 
directionality of this motion, or speckle fusion events. Therefore, we excluded the possibility that 
actin filaments might provide “tracks” for this speckle movement. Combining live-cell imaging 
with correlative super-resolution light microscopy revealed speckles move within chromatin-
depleted channels. Moreover, paths followed by more than one speckle as visualized by live-cell 
microscopy contained a concentration of small granules containing the speckle-marker SON 
within these DNA-depleted channels.  
 Our results demonstrating repeated nucleation, long-range directed motion, and fusion of 
nuclear speckles in live cells reveal a likely trafficking mechanism of nuclear speckles 
contributing to the control of speckle number, size, and nuclear localization. Overall, our results 
demonstrate regulated dynamics of nuclear speckles with the intranuclear distribution of nuclear 
speckles significantly affected by translocation as well as dynamic nucleation and fusion of 
nuclear speckles, and possibly by changes in nuclear chromatin structure that may remove 




Inhibition of RNA polymerase II transcription changes speckle morphology and increases 
overall speckle mobility 
 We used SON protein as a speckle marker to visualize nuclear speckles with high 
contrast. The SON protein showed the highest concentration in nuclear speckles versus 
nucleoplasm of any speckle markers we tested, with less distributed diffusely or in foci outside 
of nuclear speckles than other RS-domain proteins such as SC35 or ASF/SF1(N. Khanna, Hu, & 
Belmont, 2014; Saitoh et al., 2004). The SON protein contains an RS domain and also 6 other 
tandem repeat regions unique to SON(Sharma, Takata, Shibahara, Bubulya, & Bubulya, 2010), 
which may function as a scaffold for protein assembly(Sharma et al., 2010). The RS-domain is 
found in a large number of mRNA processing proteins, many enriched in nuclear speckles, as 
well as some proteins related to RNA pol 2 transcription(Boucher, Ouzounis, Enright, & 
Blencowe, 2001). Knockdown of SON results in a significant change in nuclear speckle 
morphology as visualized by immunostaining of SC35, another RS-domain containing speckle-
marker protein(Sharma et al., 2010).  
 Attempts to express EGFP-SON from a cDNA plasmid transgene resulted in variegated 
and unstable transgene expression. To obtain stable expression, we instead transfected Chinese 
Hamster Ovary K1 (CHOK1) cells with a BAC transgene containing the full-length SON human 
genomic sequence engineered by BAC recombineering to express a EGFP-SON fusion 
protein(N. Khanna et al., 2014). Use of this ~200 kb BAC containing large 5’ and 3’ human 
genomic sequences flanking the SON gene enabled isolation of stable clones expressing uniform 
levels of EGFP-SON. 
 To study dynamics of speckles after transcriptional inhibition, we used 5,6-dichloro-1-β-
ribofuranosyl benzimidazole (DRB). DRB blocks transcription via inhibition of kinases involved 
in transcription elongation(Bensaude, 2011; Yankulov, Yamashita, Roy, Egly, & Bentley, 1995). 
We confirmed in our CHO cell system previous work (O'Keefe et al., 1994; D L Spector et al., 
1991) that large speckles become brighter, rounder, and fewer in number after DRB addition 
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(Fig. 2.1a, b). The GFP-SON intensity within speckles became ~2.5-fold higher on average 2 hrs 
after DRB addition. The form factor (FF), defined as (4*π*Area/(Perimeter)2), increased ~50% 
from 0.50 in control cells to 0.76 on average in DRB treated cells. The FF ranges from 1 for a 
perfect circle to 0 for a line. Transcriptional inhibitors α-amanitin and triptolide (TRL) and the 
heavy metal cadmium(Cd) had similar effects on speckle morphology as DRB (Fig. A.1). 
However, we chose DRB for our imaging studies because it produced less rounding and change 
in shape of the nucleus in comparison to these other inhibitors. This reduced change in nuclear 
shape was critical for our tracking of speckle movement using alignment of nuclear images from 
different time points. 
 Live-cell imaging revealed an obvious increase in nuclear speckle mobility during DRB 
treatment. (Fig. 2.1c-e) To facilitate analysis, at each 1minute time point we used 2D projections 
of 3D z-stacks. We used a cross-correlation approach to best correct for nuclear rotations and 
translations between adjacent time points. In comparison to control cells, in which nuclear 
speckles showed restricted movements over 1 hour (Fig. 2.1c, left panel), in DRB-treated cells a 
significant fraction of nuclear speckles showed longer-range net displacements (Fig. 2.1c, right 
panel). Overlapping trajectories corresponded to examples in which nuclear speckles came 
together and merged (Fig. 2.1c). DRB treatment increased the mean net displacement, ∆d, of 
nuclear speckles over 1.5 hour from 0.64 to 1.69 μm (p-value = 1.007e-12, paired t-test, Fig. 
2.1d), with the increase of the mean distance change per 1 min time point, from 0.17 to 0.19 μm 
(p-value=2.2e-16, paired Wilcoxon signed rank test, Fig. 2.1e). 
DRB treatment induces long-range, directional speckle movements 
 We characterized movement of individual nuclear speckles after DRB addition by 
measuring the asymmetry coefficient, AC, together with the net displacement, Δd. We observed 
speckles for 1.5 hours beginning 30 mins after DRB addition using a 1 min time interval, 
tracking only those speckles which could be observed in at least 20 consecutive time points. To 
calculate the AC, we first measured the angle between the directions of speckle displacements 
for two consecutive time points (Fig. 2.2a). The AC was then defined as the logarithm to the base 
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2 of the ratio between the frequencies of backward (180 +/- 300) versus forward (+/-300) 
movements over the entire speckle trajectory(Izeddin et al., 2014). Random diffusion produces 
AC values near 0, since forward motion and backward motion are equally likely. AC values 
higher than 0 indicate a bias towards forward movements, while AC values below 0 suggest 
constrained diffusion.  
 To compare speckle mobility in control versus DRB-treated cells, we created a scatter 
plot summarizing AC values versus net distance displacement for speckles (Fig. 2.2b). This 
scatter plot reveals three motion regimes (Fig. 2.2b, c): Type I trajectories show large net 
displacements (≧1.25 µm) with positive AC values as a result of subtrajectories that contain a 
large number of discrete forward steps. Type II trajectories show large net displacements but 
negative AC values. In contrast, Type III trajectories (Fig. 2.2b, c, Video A.1) show small net 
displacements with negative AC values, consistent with a confined motion of speckles.  
  In control cells, essentially all speckles showed locally confined, Type III trajectories. No 
speckles (0/75) traveled further than 1.25 µm, and AC values were all below 0, with a total AC 
range of ~ -2.0-0.0. In contrast, in DRB-treated cells, speckle mobility and AC values increased 
significantly; 63% of speckle trajectories (Type I+Type II, 50/80) exhibited net distance 
displacements, ∆d, greater than 1.25 µm, with 14 out of 50 of these trajectories showing AC 
values greater than 0 (Type I, Fig. 2.2b). Several of these speckles moved as far as 3 - 4 µm, 
nearly three times as far as the largest displacement seen in control cells.   
 Plotting the distance moved as a function of time revealed that the subtrajectories 
containing periods of long-range movement were predominately unidirectional with larger steps 
than stationary movements shown before or after the long-range movement. (Fig. 2.2d). The 
imprecision of the spatial alignment of nuclei between time points, due to changes in nuclear 
shape, prevents us from determining to what degree small reverse speckle movements represent 
true reverse speckle movements versus alignment errors. Projecting over time the 2D spatial 
projections from multiple time points revealed the linear path of these subtrajectories containing 
long-range directional movements (Fig. A.2). 
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Repeated long-range, directional speckle movements all terminate with speckle fusion 
 Strikingly, all the examples of long-range speckle movements shown in Fig. 2.2 and Fig. 
A.2 terminate with a fusion between the smaller, mobile speckle and a larger, relatively 
immobile speckle. These are not exceptional examples but rather the general rule observed for 
nearly all long-range movements contained within a single observation period. 
 Fig. 2.3 shows all long-range speckle movements in two representative nuclei as 
examples. Ten long-range speckle movements in nucleus 1 (Fig. 2.3a, Video A.2) end with 
fusion to 7 larger speckles; in three cases, two different small speckles move long-distance, and 
merge with the same larger speckle. Nine long-range speckle movements in nucleus 2 (Fig. 2.3b, 
Video A.3) end with fusion to 5 larger speckles; three smaller speckles merge with the same 
larger speckle in one case and two smaller speckles merge with the same larger speckle in two 
other cases. Thus 19/19 long-range speckle trajectories terminate with fusion to a larger, mostly 
immobile nuclear speckle. 
 Again, projecting over time the 3D spatial projections from multiple time points revealed 
a largely curvilinear path for these long-range speckle trajectories, within the resolution of the 
nuclear alignment between time points (Fig. 2.3a, b, top right panels). 
 Even more strikingly, in many cases we saw repeated long-range speckle movements in 
which different nuclear speckles followed a very similar path to merge with the same single, 
larger speckle. In the two nuclei shown in Fig. 2.3, 6/12 larger speckles are the fusion targets for 
two or three mobile, smaller speckles. In each of these 6 examples, the second or even third 
smaller nuclear speckle moves along essentially the same linear path, within the approximate 
resolution of our nuclear alignment, to fuse with the larger speckle. Typically, after one speckle 
began to move on a long-range trajectory, a new speckle would nucleate and enlarge, either at 
the site of the first speckle prior to its movement (Fig. 2.4a,b, Video A.4) or along the trajectory 
followed by the first speckle (Fig. 2.4c,d, Video A.4, Fig. A.3). The second speckle would later 
begin to move along a similar trajectory to the first and then merge with the same speckle with 
which the first speckle moved.  
 We observed a number of cases in which three or even four speckles would appear in the 
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same or similar location, observing long-range movements of 2, 3, or even 4 of these speckles 
along a similar trajectory before these speckles terminated their motion by fusion with the same 
larger speckle (Fig. 2.4e, Video A.4). Furthermore, we observed examples in which one speckle 
would merge with another, and then this merged speckle would move to fuse with a third speckle 
(Fig. 2.3a, VII, Fig. 2.3b, V, Fig. 2.4d, 1:14:00-1:46:00). 
 These observations of long-range movements occurring through largely unidirectional 
steps along curvilinear trajectories argue strongly for directional speckle movements along or 
within a nuclear path or channel. This is strongly supported further by these observations of 
repeated speckle movements along the same path or channel. Finally, as a further suggestion for 
a mechanism leading to directed movements along a possible path, we observed that speckles 
undergoing long-range movements would sometimes elongate in the direction of motion (Fig. 
2.4b, 00:47:00, 1:09:00, Fig. 2.4e, 1:06:30) or the recipient speckle would form a long protrusion 
along the path of the original smaller speckle trajectory (Fig. 2.3a, I, 00:53:00, III, 1:02:00, Fig. 
2.3b, III, 1:06:00, 1:30:00, Fig. 2.4d, 2:22:00, Fig. 2.4e, 1:18:30).  
 
Viscoelastic behaviors of speckles and estimation of speckle viscosity 
 During long-ranged speckle movements, we observed distinctive viscoelastic behaviors 
such as “inchworm” or reptation motion, suggesting speckles as liquid-like bodies. For example, 
a speckle would elongate in the direction of another speckle and then retract at the elongated end 
nearest the target speckle to from a rounded speckle now closer to the target speckle; this was 
then followed by a second round of elongation towards the target speckle followed by fusion and 
then rounding into a single, larger speckle (Fig. 2.5a). In other cases, one speckle would 
significantly elongate towards another target speckle until a long, linear speckle was formed that 
would fuse with the target speckle; this would be followed by retraction of the elongated speckle 
into the target speckle to form a single, rounded and larger speckle (Fig. 2.5b-d).  
 Furthermore, examination of speckle fusion events (Fig. 2.5e, f) supports the concept of 
nuclear speckles as liquid-like nuclear bodies which have a similar viscosity as measured 
previously for other liquid-like RNP bodies such as nucleoli and P granules(Brangwynne et al., 
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2009; Brangwynne et al., 2011; Hubstenberger, Noble, Cameron, & Evans, 2013). We estimated 
the viscosity of speckles by analyzing the time required after speckle fusion for a relaxation to a 
circular shape in cells treated with DRB. As expected, relaxation times (τ) were linearly 
proportional to the characteristic length scale (L) with a slope, which should approximate the 
inverse capillary velocity, of 101 s/µm (Fig. 2.5h). This value is similar to previously measured 
inverse capillary velocities of 2 s/µm for germline P granules of C. elegans (Brangwynne et al., 
2009), 46.1 s/µm for nucleoli of Xenopus oocytes(Brangwynne et al., 2011), and 125 s/µm for 
large RNP assemblies (grPB) in C. elegans oocytes(Hubstenberger et al., 2013). Assuming a 
speckle RNP granule size of ~20 nm, we obtained an estimated viscosity (η) of speckles of 
~1·103 Pa·s, close to the measured viscosities of nucleoli (~2·103 Pa·s) and grPB (5·103 Pa·s).  
 
Long-range speckle motion does not require polymerized actin 
  Previous examples of long-range chromosomal movements within interphase nuclei 
suggested a direct or indirect role of actin, and in certain cases nuclear myosin 1C, in these 
movements(Chuang et al., 2006; Dundr et al., 2007). To determine whether actin was involved in 
the long range motion of speckles, we inhibited actin polymerization using latrunculin A (latA), 
and then measured the frequency and length distributions of of long-range speckle movements. 
 LatA addition resulted in a decrease of long-range movements (Fig. 2.6a, Table 2.1). 
After latA addition, long-range speckle movements greater than 1 µm were observed an average 
of 2.7 times per nucleus. This compared to an average of 9.8 long-range speckle movements per 
nucleus in control cells. Although the frequency of long-range nuclear speckle movements was 
significantly reduced, the distance distribution of these long-range speckle movements did not 
significantly change with latA addition relative to those observed in control cells (Fig. 2.6a). 
Similar types of long-distance speckle trajectories, also ending in fusion with a target speckle, 
were observed after latA treatment (Fig. 2.6b, c, Video A.5).  
 To further test the possible involvement of actin in speckle motion, we transiently 
transfected cells with plasmid constructs of actin fused to mRFP and a nuclear localization signal 
(NLS) to concentrate this actin fusion protein in the nucleus(G Posern, Miralles, Guettler, & 
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Treisman, 2004; G Posern, Sotiropoulos, & Treisman, 2002). Different constructs were used for 
expression of the wild type beta-actin sequence, a nonpolymerizable actin mutant(G Posern et 
al., 2002) (G13R), or an actin mutant that favors polymerized actin F-actin (G Posern et al., 
2004) (S14C). 
 Long-range nuclear speckle movements were observed in cells transfected (T) with all 
three mRFP-NLS-actin mutants or mRFP-NLS- wild-type actin as well as nontransfected control 
cells (U) (Table 2.1). The average number of long-range movements nuclear speckle movements 
ranged from ~12-14 per nucleus. Mean distances of these speckle movements were also similar 
(1.28-1.48 µm). The velocities of speckle movement during the periods of long-range movement 
were also similar (~0.5-1.5 µm/min, data not shown). 
 Thus, we conclude that the observed long-range, directional movements of nuclear 
speckles after DRB treatment are not actin-dependent. 
 
Nuclear speckles move in DAPI-depleted regions that are enriched with SON-granules  
 To explore a possible structural basis for the repeated directed movement of small 
nuclear speckles along the same apparent path towards a larger nuclear speckle, we used super-
resolution light microscopy. 3D structured illumination microscopy (SIM) and stimulated 
emission depletion (STED) microscopy on fixed cells was complemented with correlative live-
cell in which we used conventional wide-field microscopy on live cells followed by fixation and 
then SIM and STED imaging on the same cells. 
 Inspection of nuclear speckle movement in live-cell movies suggested the formation of 
transient, faint connections of GFP-SON between nearby speckles (Videos A.6, A.7). Using 
STED microscopy, we could visualize individual, distinct GFP-SON granules that are in the size 
range of STED resolution of ~60 nm and are distributed nonrandomly in the nucleoplasm outside 
of nuclear speckles (Fig. 2.7). We used a combination of 3D SIM and STED to visualize the 
relative distribution of chromatin and SON. 3D SIM of DAPI-stained, fixed nuclei was followed 
by STED imaging of the same cells on a different STED microscope. These DAPI SIM and anti-
GFP-SON STED images were then aligned using a cross-correlation procedure. 
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 In these combined DAPI-SON images, we observed enrichment of SON granules in 
DAPI-depleted spaces connecting nearby nuclear speckles, with most speckles appearing to be 
connected by high local concentrations of these SON granules (Fig. 2.7a). These connections 
persisted even after DRB treatment, even becoming clearer due to the reduced number of 
granules overall in the nucleoplasm (Fig. 2.7a, right). The spatial distribution of these granules 
suggests they are related to the faint, transient GFP-SON connections between nuclear speckles 
visualized in our live-cell imaging. 
 We next used correlative live-cell and super-resolution imaging to determine the 
relationship between the path followed by repeated nuclear speckle trajectories and these DAPI-
depleted, SON-granule-enriched spaces connecting neighboring nuclear speckles. After DRB 
treatment, we followed live-cell imaging with immediate fixation of cells using 
paraformaldehyde and staining. Inspection of the live-cell movies identified cells containing 
examples of repeated speckle movements along a similar path terminated by fusion with the 
same larger nuclear speckle. These cells were then identified and imaged by 3D SIM and STED. 
 These correlative images revealed that the path or channel along which nuclear speckles 
had repeatedly moved was relatively DAPI-depleted but surrounded by DAPI stained chromatin 
(Fig. 2.7b). Moreover, a relatively high concentration of SON granules was present within these 
paths or channels relative to surrounding nuclear regions. Similar correlative results were 
observed in cells treated with latA prior to addition of DRB (Fig. 2.7c).  
 Our observations of nuclear speckles moving within DAPI-depleted regions suggest that 
chromatin may act as a barrier to speckle motion. We next used live-cell imaging to examine the 
temporal correlation between changes in the DNA distribution surrounding nuclear speckles and 
speckle movement and fusion events (Fig. 2.8). We used the cell-permeable, far-red SiR-Hoechst 
dye that binds DNA in the minor grove like DAPI. Chromatin shows condensation with time 
after DRB treatment, increasing the size of DNA-depleted intranuclear spaces (Fig. 2.8a). Fusion 
between nearby large speckles indeed is temporally correlated with the disappearance of the 
DNA staining observed in preceding time points within the space separating these same speckles 




Similar long-range and repeated speckle movements after heat-shock, heavy metal 
addition, or during transition from late G2 to prophase 
 To place our observations within a more physiological context, we examined speckle 
dynamics during heat shock. After heat shock, while most genes are transcriptionally down-
regulated 5-fold or more(Mahat, Salamanca, Duarte, Danko, & Lis, 2016), heat-shock genes are 
induced up to 200-fold (Lis, Neckameyer, Dubensky, & Costlow, 1981; Mahat et al., 2016).  
Previously, we demonstrated that heat-shock transcriptional induction of Hsp70 plasmid 
transgene arrays was greatly enhanced after nuclear speckle contact (N. Khanna et al., 2014).  
Similar to DRB treatment, after heat shock we observed multiple examples of long-range 
motions of smaller nuclear speckles terminating with fusion with larger nuclear speckles. Fig. 
A.4 shows a striking example of repeated nucleation of new speckles adjacent to the Hsp70 
transgene array followed by long-range motion of these speckles towards a larger, distant nuclear 
speckle. Later, speckles nucleate along this speckle trajectory and then merge to form a 
continuous, ~ 4 µm long connection between the transgene array and distant speckle. Fig. A.5 
shows a long-range speckle motion terminating after association with the Hsp70 BAC transgene 
array which then shows an abrupt increase in its transcription.   
 Similar speckle dynamics were observed using other transcriptional inhibitors (α-
amanitin, triptolide- data not shown) and in response to other stress conditions- specifically 
heavy metal stress induced by cadmium (Fig.A. 6).   
 As previously described, live-cell imaging revealed speckle movements and fusion events 
after DRB-induced transcriptional inhibition correlated with increased chromatin condensation 
and the appearance of larger inter-chromatin channels, suggesting that decondensed interphase 
chromatin might inhibit speckle movements.  Chromatin condensation also occurs under normal 
physiological conditions immediately prior to mitosis during the G2 to early prophase transition, 
and entry into mitosis is also accompanied by significant transcriptional repression.(Gottesfeld & 
Forbes, 1997; Parsons & Spencer, 1997) If long-range speckle movements are facilitated by the 
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appearance of larger inter-chromatin channels, then we would predict similar long-range speckle 
movements during this late G2- prophase stage of normal cell growth. 
 Indeed, live cell movies during the transition from G2 to prophase showed a similar 
transition to fewer larger and rounder nuclear speckles concomitant with increased speckle long-
range movements and similar observations of small speckles moving towards and merging with 
larger speckles as seen after transcriptional inhibition, heat shock, or cadmium treatment (Fig. 
A.7).  Live cell movies also showed that nuclear speckles are excluded from regions of 
chromatin compaction during prophase, while nuclear speckle fusions occurred within long 
chromatin-free channels between compact chromatin structures. Further experiments would be 
needed to dissect to what degree these similar speckle dynamics correlate with the increased 
chromosome condensation, transcriptional inhibition, and/or other events accompanying entry 
into mitosis.  Regardless of mechanism, though, these observations demonstrate that this 
phenomenology of small speckles moving long distances and merging with larger speckles is 
observed not only after exposure to transcriptional inhibitors or in response to stress but also 





 Here we showed an increased mobility of nuclear speckles after transcriptional inhibition 
by DRB, including prominent long-range movements of smaller speckles over distances of 1-4 
um with velocities 0.2-1.5um/min that typically terminated through fusion with a larger speckle. 
These long-range movements appeared directional, following roughly linear trajectories pointing 
to and ending with merging in pre-existing stationary speckles. Speckles frequently elongated in 
the direction of movement during these movements, suggesting the possibility of an active 
transport mechanism. Directionality was also inferred based on our observations of repeated 
cycles of nucleation of new speckles and their movement along similar trajectories followed by 
previous moving speckles. These long-range, speckle movements occurred independent of 
polymerized nuclear actin as their length distribution was unchanged after lantrunculin A 
treatment. Correlation of live-cell imaging with super-resolution microscopy on fixed samples 
revealed that speckles moved within channels relatively depleted of DNA but enriched in SON-
protein containing granules.   
 As observed previously, upon transcriptional inhibition speckles became rounder and 
larger. This increase in speckle size was imagined to occur as a result of RNA processing 
components being released from previous sites of transcription, diffusing into speckles, and then 
accumulating within the speckle through binding to other components(Jimenez-Garcia & 
Spector, 1993; Misteli et al., 1997). Dephosphorylation of SR proteins was proposed to lead to 
their accumulation in speckles, while phosphorylation of SR proteins was proposed to lead to 
their release from speckles, diffusion into the nucleoplasm, and binding to local transcription 
sites(Colwill et al., 1996; Misteli et al., 1998). Consistent with this model, modeling the mobility 
of speckle proteins as measured by FRAP (Fluorescence Recovery After Photobleaching) led to 
the conclusion that differential nuclear distribution of splicing factors was controlled by changes 
in their binding to either nucleoplasmic or speckle sites(Kruhlak et al., 2000; Phair & Misteli, 
2000; Rino et al., 2007). 
 Not explained by these studies was how the number of speckles decreases with 
transcriptional inhibition. Also these previous studies proposed that the increased size of 
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speckles after transcriptional inhibition is entirely due to diffusion of speckle components from 
the nucleoplasm followed by binding to sites within speckles.  
 Our results instead suggest that a significant cause of both the increase in individual 
speckle size and brightness and the reduction in speckle number is through the directed, long-
range movements of speckles towards other speckles followed by their fusion. Future work will 
be needed to determine the relative contributions of diffusion and binding of speckle components 
versus speckle fusion events to the observed increase in speckle size observed after 
transcriptional inhibition. Future work also will be needed to determine whether posttranslational 
modifications of speckle proteins are also connected to directional motion and/or fusion of 
speckles. 
 One previous study, using transformed MCF-10A human breast epithelial cells, described 
the long-range movement of smaller nuclear speckles and subsequent fusion with larger 
speckles(Zhang et al., 2016).  However, these movements were not characterized other than by 
visual inspection of several movies and by display of net vector velocities averaged over an 
unspecified number of time points for several speckles; specifically, no analysis or display of 
individual trajectories was shown. Curiously, in this previous study long-range speckle 
movements were reported to occur under normal physiological growth conditions.  This directly 
contrasted with our observations of similar long-range speckle movements in CHO cells only 
after transcriptional inhibition, heat-shock or heavy metal stress, or during the transition from 
late G2 into prophase.  We believe this discrepancy in results was due to cell stress induced by 
the transient transfection and/or live cell imaging conditions used in this other study.  Indeed, in 
this previous study nuclear speckles appeared unusually round, large, and bright (Movies B.1-3, 
reference 24), similar to the nuclear speckle appearance we observed only after extended 
exposure to transcriptional inhibitors.  Using this same MCF-10A cell line, we observed 
“normal”, non-round speckles in fixed cells after immuno-staining against SON, similar in 
appearance to the nuclear speckles we observe routinely in multiple cell lines (CHO, mouse NIH 
3T3, and human WI-38, Tig3, HFF, HCT116, K562, H1 hESC, and Hap1). 
 During the dynamic movement of speckles, we confirmed liquid-state properties of 
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nuclear speckles. Speckles exhibited nucleation, deformation in the direction of translocation, 
and fusion. Strikingly, we found that motion of speckles after transcriptional inhibition always 
ended with fusion with another speckle. After fusion, speckles regained their circular shape but 
were bigger and showed an increased intensity, suggesting mixing of constituent molecules as 
seen in liquid-phase cellular bodies(Brangwynne, 2013). Analysis of the time interval between 
speckle fusion and rounding of the merged speckles allowed us to estimate the viscosity of 
nuclear speckles, which we found was similar to previously measured viscosities for Xenopus 
oocyte nucleoli and grPBs of C. elegans oocytes. Not considered in our analysis was the 
possibility that adjacent chromatin interacting with nuclear speckles might slow the rounding of 
the nuclear speckle after fusion events. Therefore, our estimates of nuclear speckle viscosity 
might be best considered an upper bound on the actual speckle viscosity, where the actual 
viscosity nuclear speckles might be somewhat lower depending on how significant these 
chromatin interactions might be on the actual relaxation time of the speckles after fusion. 
Overall, though, these measurements indicate that nuclear speckles possess viscoelastic 
properties and behaviors similar to those observed in other RNP bodies. 
 Significantly, although the frequency of long-range speckle movements decreased after 
perturbation of actin polymerization, the length distributions of these speckle movements did not 
change. Therefore, the long-range, directed movement of speckles after transcriptional inhibition 
is not dependent on polymerized actin. This rules out a more conventional actin-myosin based 
mechanism for speckle motility, despite reports of nuclear myosin I isoforms in nuclear speckles 
and enrichment of these isoforms in speckles after transcription inhibition(Ihnatovych, Migocka-
Patrzalek, Dukh, & Hofmann, 2012). 
 Fusion between nearby speckles to form larger speckles could be explained as driven by 
collisions between speckles mediated through random Brownian motion. However, our 
observation of directed motion of speckles over distances up to several microns in length, in 
many cases followed by a new speckle moving along a similar path, requires a different 
explanation than random diffusion.  
 One possible clue pointing to a potential mechanism underlying speckle long-range 
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motion might be our observation of SON-containing granules concentrated in DAPI-poor 
channels connecting nearby speckles. Correlative live-cell / fixed-cell imaging revealed that 
these channels roughly co-localized to the path of actual speckle movements observed in live-
cells shortly before fixation. We can envision more than one scenario that might give rise to 
these localized SON-granule accumulations on the path of speckle movements.   
 A flow of SON-granules between neighboring speckles, through some unknown 
mechanism(s), might establish this concentration of granules.  Numerical modeling of a simple 
binary fluid mixture predicts a net flux of individual components through diffusion from small to 
larger droplets due to the greater stability of the larger droplets because of their lower interface 
free energy.  Moreover, this net flux generates a composition correlation between two 
neighboring droplets of different sizes, leading to an intradroplet gradient of interfacial tension 
and producing a hydrodynamic flow of small droplets towards larger droplets followed by 
droplet fusion(Shimizu & Tanaka, 2015).  Interestingly, this modeled behavior of droplet 
movements in simple binary fluid mixtures mirrors our observation of small speckles moving 
towards larger speckles.  Additionally, movement of one speckle along a trajectory might leave 
SON-granules along its path- analogous to tiny droplets of water left behind by movement of a 
large water droplet along a surface.  These pre-positioned SON-granules speckles might work as 
“steps” biasing movements of other speckles at later times.  Finally, we cannot rule out an active, 
but unknown transport mechanism driving speckle movements.  Additional experiments 
including future live-cell imaging at higher temporal and spatial resolution will be needed to 
explore these ideas.  
  Our correlative imaging using SIM, STED and live-cell imaging also allowed us to 
determine the relative spatial arrangement between chromatins and speckles, but furthermore, we 
found that the movement of speckles indeed occurred within the interchromatin space, with 
chromatin seen surrounding the speckles and the apparent channels through which the speckles 
moved, suggesting that chromatin may act as a spatial barrier to speckle movement and confine 
these movements to linear trajectories. Indeed, under normal growth conditions, we observed 
speckle mobility consistent with confined motion. The observed directional motion after 
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transcriptional inhibition is consistent with a release of constraints to speckle motion as a result 
of the chromatin condensation observed in live-cell movies after transcriptional inhibition. Thus, 
we suspect that chromatin in nuclei plays a similar constraining role in restricting translocation 
and fusion of nuclear speckles as actin networks have been shown to play in constraining 
movement and coalescence of ribonucleoprotein droplets and nucleoli in oocytes(Brangwynne et 
al., 2011; Feric & Brangwynne, 2013). 
 In conclusion, in this study, the most striking aspects of the long-range speckle 
movement we observed were the repeated cycles of speckle nucleation, translocation of the 
newly nucleated speckles along a similar trajectory as that followed by preceding speckles, and 
then fusion with the same target speckle. Together these observations point to a previously 
unsuspected cellular trafficking system for movement and nuclear positioning of nuclear 
speckles. While we observed these events during periods of increased nuclear speckle 
reorganization induced by transcriptional inhibition or stress responses, similar dynamics were 
observed under normal growth conditions during the entry into mitosis.  We anticipate these non-
random speckle dynamics may provide a rapid and effective transport of RNA processing and/or 
transcription factors to specific nuclear sites, as well as recycling of speckle components to 
nuclear speckles and regulation of speckle number and size.  Moreover, recent identification of 
genomic regions that associate at near 100% frequencies with nuclear speckles(Yu Chen et al., 
2018) suggest that the nuclear positioning of speckles may also drive nuclear genome 
organization. The phenomenology of nuclear speckle movements described here should allow 
future development of assays that can be used to identify the molecular components of 




Materials and Methods 
Cell culture and establishment of cell line  
 CHOK cells were grown in F12 media (Cell media facility, University of Illinois at 
Urbana-Champaign) supplemented with 10% Fetal Bovine Serum (Sigma-Aldrich, F2442) at 
37°C in 5% CO2. To generate a stable cell line expressing EGFP fused to the SON protein, we 
used a BAC EGFP-SON transgene (EGFP-SON-Zeo BAC) in which a starting BAC containing a 
human SON genomic insert (RP11-165J2, Invitrogen) was retrofitted using BAC recombineering 
to add a Zeocin selectable marker and the EGFP sequence in frame with the SON NH2 terminus 
(Khanna, Hu, and Belmont 2014). We purified the EGFP-SON-Zeo BAC using the Large-
Construct Kit (Qiagen). 5ug of the purified construct was linearized with BsiWI(NEB), followed 
by incubation at 65℃ for 20 mins to inactivate BsiWI. CHOK cells were transfected with the 
linearized EGFP-SON-Zeo BAC using Lipofectamine 2000 (Invitrogen) one day after passaging 
while at ~60% confluency following the manufacturer’s suggested protocol. After 36 hours, 
transfected cells were trypsinized (Trypsin-EDTA 0.25%, Gibco) and transferred to a larger flask 
to which selection media (200 μg/ml Zeocin, ThermoFisher) was added. After 10 days of 
selection, cells were subcloned by serial dilution into 96-well plates. Individual subclones were 
screened by microscopy using a Deltavision wide-field microscope (GE Healthcare) to select 
clones which showed uniform and stable EGFP-SON expression.  
 
Drug treatments  
 To add drugs without adding new serum, we removed half the media from the cell culture 
dishes, added chemicals to a 2x concentration using this media, and then returned this media 
back to the same dishes. The final DRB working concentration was 50μg/ml (Sigma, 50mg/ml 
stock solution in DMSO). Other drugs were used at the following working (and stock) 
concentrations: 50ug/ml α-Amanintin (A2263, Sigma, 1mg/ml in DI water), 0.1ug/ml triptolide 
(T3652, Sigma, 1mg/ml in DMSO), 200uM Cd solution (20920, Sigma, 100mM in DI water). 
For live cell imaging, chemicals were prepared in the same way, and returned to the live cell dish 
on the microscope.  
For latrunculin A (latA) treatment (L5163, Sigma), cells were seeded on poly-L-lysine coated 
coverslips or glass-bottom dishes (Mattek). Coverslips or glass-bottom dishes (Mattek) were 
covered with 0.01% Poly-L-lysine solution (P4707, Sigma) for 10 mins, rinsed with sterilized DI 
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water, and dried in the tissue culture hood. Cells were grown two days on these coated surfaces, 
treated with 1uM latA for 30 mins, and then with DRB as described above. 
 
Sample preparation for fixed cell imaging 
 For quantitative analysis of speckle morphology, cells were seeded on coverslips (Fisher) 
and fixed 48 hrs later at ~90-100% confluency using freshly prepared 3.6% paraformaldehyde 
(PFA, Sigma, P6148-500G) in PBS for 20 mins at room temperature. After three times of 
washing for 5minutes each in phosphate-buffered saline (PBS), the fixed cells were then 
mounted in a Mowiol-DABCO anti-fade medium(Ed Harlow, 1988).  
 For STED and SIM imaging, immunofluorescence and DAPI staining were done after 
fixation and 3x 5min washes in PBS. For immunofluorescence staining, cells were incubated in 
blocking buffer (0.5 % Triton X-100 (Thermo Fisher) and 0.5 % normal goat serum (Sigma-
Aldrich) in PBS for 30 mins. Cells were then incubated with monoclonal anti-SON primary 
antibodies (1:300 in PBS; Sigma-Aldrich) overnight at 4°C. After 3x 5min washes in PBS, cells 
were incubated with Atto647N-conjugated goat anti-rabbit IgG (1:300 in PBS; ATTO-TEC) for 
2 hrs at room temperature, and then washed 3x for 5mins each in PBS. The cells were postfixed 
with 3.6% PFA for 15 mins, and washed 3x 5min in PBS. Cells were counterstained with 1ug/ml 
DAPI (Sigma-Aldrich) in PBST (0.1% Triton X-100 in PBS) for 0.5-1 hr at room temperature 
(Smeets et al. 2014), and then washed 5x for 5 mins each in PBS. We equilibrated the cell 
samples with Vectashield antifade mounting medium (H-1000, Vector Laboratories) for 10 mins, 
aspirated the media, and added fresh mounting medium. This was repeated 3-5times to 
completely infiltrate the cells with the mounting medium to avoid refractive index changes over 
the cells. Coverslips were mounted on slides and sealed with nail polish.  
 
Microscopy of fixed samples and analysis of cell morphology 
 We used a Deltavision wide-field microscope (GE Healthcare), equipped with a Xenon 
lamp, 60X, 1.4 NA oil immersion objective (Olympus) and CoolSNAP HQ CCD camera (Roper 
Scientific). 1024x1024 pixel 2D images were acquired as 3D z-stacks and processed using the 
“Enhanced” version of the iterative, nonlinear deconvolution algorithm provided by the Softworx 
software(Agard, Hiraoka, Shaw, & Sedat, 1989) (GE Healthcare). 3D deconvolved image stacks 
were projected into 2D using a maximum intensity algorithm.  
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 Analysis of speckle morphology used custom Matlab codes for image segmentation in 
several sequential steps. Multiple intensity thresholds and image segmentation steps allowed us 
to segment speckles of varying sizes and intensity levels. We first automatically choose an initial 
intensity threshold using Matlab’s graythresh function (graythresh*1.5~1.8) based on Otsu’s 
method (Otsu, 1979). This allowed us to produce a binary image from which we measured area, 
perimeter, and form factor (FF= 4*π*Area/(Perimeter)2) of the larger, brighter speckles. To 
calculate intensities of these speckles, we used the segmented areas as a mask which was applied 
to a new 2D projected image generated by an intensity projection from the original 3D raw 
image stacks. The normalized speckle intensity was calculated by summing the intensities of all 
pixels within a speckle, subtracting the background intensity over an equivalent area and then 
normalizing by the speckle area ({Sum of pixel values in speckle- (mean value of nuclear 
background*size of the speckle)}/Size of speckle). Once these large speckles were segmented 
and analyzed, we removed them from the deconvolved projected image by replacing their pixel 
intensities equal to the cellular background level. We then repeated the image thresholding, 
setting a new intensity threshold using the graythresh function (graythresh*0.8~1.8), and 
repeating the same process as described above to measure a new set of speckles and then remove 
them from the image. If necessary, this process was repeated one more time to select the 
remaining small speckles. To prevent the situation in which part of a speckle that was not 
segmented in a previous cycle was counted as a new speckle, at each step we recorded the 
coordinates of segmented speckle centers and discarded any new speckles in a subsequent cycle 
that were within 0.3 μm of a previous speckle center. Through 3 such segmentation cycles, we 
were able to identify and measure the morphology of most speckles present in the nucleus. 
However, very small speckles less than 0.4 μm diameter were not considered in our 
measurements of changes in speckle morphology before and after transcriptional inhibition.  
  
Live cell imaging and tracking. 
 For live cell imaging, we used a V3 OMX (GE healthcare) microscope, equipped with a 
100X, 1.4 NA oil immersion objective (Olympus), two Evolve EMCCDs (Photometrics), a live-
cell incubator chamber for CO2 perfusion, and two temperature controllers for the incubator and 
the objective lens heaters. Temperatures of the live cell chamber and lens were maintained at 
37℃. Cells were seeded in glass-bottom dishes (Mattek) to reach ~90-100% confluency 48 hrs 
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later. 3D stacks (z-spacing 300nm) were acquired in the conventional wide-field imaging mode 
at given time intervals, followed for each time point by 3D deconvolution and 2D maximum 
intensity projection using the Softworx software. Image J was used first to smooth these 
projections with a Gaussian filter (σ=2). Then a rigid body registration (ImageJ plugin 
‘StackReg’) was applied to correct for any x-y nuclear rotation and/or translational displacement 
between sequential time points. A region including a full speckle motion was cropped from the 
image manually using ImageJ, and the single speckle was tracked by custom Matlab code. The 
cropped image was transformed into a binary image by the intensity threshold selected by 
Matlab’s graythresh function. The center of mass of the speckle was then determined over time 
by Matlab’s regionprops function and used for speckle tracking.  
 
Viscosity analysis 
 To estimate nuclear speckle viscosity, we acquired live cell movies using a 5 sec time 
interval over 90 mins. We identified nuclear speckles undergoing fusion and measured their long 
axes (llong) and short axes (lshort) to calculate as a function of time their aspect ratio (AR), defined 
as AR=llong/lshort. A relaxation time (𝜏) for the speckle fusion was estimated by fitting the 
measured AR to the exponential decay curve defined by AR= P+(AR0-P)∙e-t/𝜏, where P is the 
plateau of the exponential curve and AR0 is the AR at time=0. 
 The length scale was calculated as L =[(llong  − lshort )· lshort]0.5  at time=0, and plotted against 𝜏. 
From a linear fit of 𝜏 vs. L by least-squares estimation, we obtained the slope that corresponds to 
the inverse capillary velocity (η∕γ), where η is the viscosity and γ the surface tension(Eggers, 
1997). We could estimate γ ≈ kbΤ/d2 (Aarts, Schmidt, & Lekkerkerker, 2004), where kb is the 
Boltzmann constant, Τ is the temperature, and d is molecular length scale (~10nm used for 
RNAPs in previous studies(Brangwynne et al., 2011; Hubstenberger et al., 2013)). We used ~20 
nm for the characteristic RNP granules contained within IGCs(Spector, 1993; Thiry, 1995). 
From the estimated γ and the inverse capillary velocity (η∕γ), we estimated the viscosity of 
nuclear speckles.  
Correlative live cell imaging and super-resolution imaging  
 To combine live-cell imaging with STED and SIM, cells were seeded in glass-bottom 
dishes engraved with 50 μm grid pattern, letters and numbers (81148, Ibidi), reaching ~60-70% 
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confluency 2 days later. Prior to live cell imaging, we recorded locations of target cells using the 
alphanumeric characters to find the same target cells later when we used different microscopes. 
After live-cell imaging, cells were immediately fixed by adding 2x PFA solution in PBS to the 
cell media. The final PFA concentration was 4%. Immunofluorescence and DAPI staining 
followed by mounting in Vectashield anti-fade medium were done as described above.  
For STED images, we used a custom made STED microscope(K. Y. Han & Ha, 2015), 
and acquired 3D z-stacks through the entire SON immunofluorescent stained nucleus using 300 
nm z-spacing. 
 3D-SIM images were acquired on the V3 OMX microscope (see above) using 0.125 um 
z-spacing and sequential excitation at 488 and 405 nm on each image plane. Each z-stack image 
contained 15 images at 5 different phases per angle and 3 different angles per slice. We collected 
a full 3D-SIM image of GFP-SON and DAPI-staining. 3D-SIM image stacks were reconstructed 
with Softworx. The chromatic aberration offset between the GFP and DAPI wavelengths was 
measured with the alignment slide provided by GE Healthcare and used to correct the 3D-SIM 
images using the OMX Image registration function in Softworx. 
 To align the STED SON and SIM DAPI images, we selected a single STED optical z-
section showing speckles of interest and then matched it to the most similar optical z-section 
from the complete stack of the 3D SIM GFP-SON image. Since 2D STED imaging was done 
using a 300 nm z-interval (z resolution ≈ 600 nm), we used the 2D projection of 3 adjacent SIM 
z-sections, consisting of the most similar SIM optical section plus the SIM optical sections 
immediately above and below this optical section. Because ‘StackReg’ registration tool in 
ImageJ required a combined stack of images, we matched x-y sizes of SIM image (1024x1024 
pixels, pixel size= 40nm after reconstruction) and STED image (varying, pixel size=20~40nm) 
by adding pixels of background intensity or by taking a certain size of sub-region from a large 
image. We then generated a RGB SIM image from DAPI (blue) and SON (green) after saturating 
SON intensity to be used as a reference for alignment with STED image. We finally combined 
RGB SIM image and STED SON as z-stacks, and ran ‘StegReg’ with rigid body mode. In this 
way, STED SON image could be easily aligned on the strong SON signal of the SIM image, 
where SIM DAPI image and SIM SON image were grouped during alignment process. From the 




Live cell imaging and analysis of chromatin compaction after DRB treatment 
 To visualize chromatin structure in live cells, we incubated cells growing in glass-bottom 
dishes with 100 nM SiR-Hoechst (Spirochrome, SC007) and 10uM verapamil (Sigma-Aldrich, 
V4629) for 1 hr before imaging. We started 3D live-cell imaging immediately after adding DRB, 
acquiring simultaneously both GFP-SON (excitation at 488nm) and SiR-Hoescht (excitation at 
642nm) images for 2 hrs using a 1 min time interval. Deconvolution and maximum intensity 2D 
projection at each time point were performed by Softworx as described previously. We converted 
these time-lapse 2D projected images into binary images by segmentation using ImageJ plugin 
‘Threshold’ based on the Otsu thresholding method(Otsu, 1979). From these segmented binary 
chromatin images, we computed the chromatin area as a function of time using the Matlab’s 
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Figures and Tables 
 
Figure 2.1.  Inhibition of RNA polymerase II transcription by DRB changes speckle 





a. Changes in speckle morphology, visualized using GFP-SON, before and after DRB addition. 
Scale bar: 5µm. b. Measurement of speckle number (>1 um in diameter) (left), intensity 
(middle), and shape (Boucher et al.) (Form Factor (FF)) before and after 2 hrs DRB treatment. 
Large speckles reduce in number (blue), become brighter (~2.5 fold, red), and rounder (1.5-fold 
increase in FF, green) after DRB addition. c. Speckle trajectories before and after DRB addition. 
Speckles, each assigned a different color, were tracked over a 1 hr period in control (left) and 
DRB-treated cell (Boucher et al.). d. Net displacement (∆d) of speckles measured in control 
(white) and DRB-treated cells (yellow). Speckle displacements increase after DRB addition (p-
value = 1.007e-12; Paired student’s t-test). Boxplot: Box- mean (square inside box), median 
(notch of box), 25 (bottom) and 75 (top) percentiles; ends of error bars- 10 (bottom) and 90 (top) 
percentiles. n=75 speckles from 10 control cells, n=80 speckles from 10 DRB treated cells. e. 
Displacement (∆d) per minute increases from before (white) to after DRB addition (green) (p-
value=2.2e-16; paired Wilcoxon signed rank test) Boxplots as in (d). n=4487 steps from 49 













a. Analysis of angular distributions for two speckle trajectory examples: (Left) Two speckle 
trajectories- Case 1 (purple), Case 2 (green).  The angle (θ) between every two consecutive steps 
is calculated (cartoon blowup). (Middle) Histogram distributions of angles for Case 1 (left) 
compared to Case 2 (Boucher et al.) trajectories. Radius of shaded sectors (blue) shows number 
of adjacent steps with a given angle.  Backward (BWD) steps are defined by angles in green; 
forward (FWD) steps are defined by angles in orange. Asymmetry coefficients (AC) for Case 1 
and Case 2 are negative and positive, respectively, as AC (Boucher et al.) is defined as the log2  
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ratio of FWD over BWD steps. b. Scatterplot of asymmetry coefficient (AC, y axis) versus net 
displacement (∆d, x axis) for speckle trajectories from control (blue squares) versus DRB-treated 
cells (pink squares). 3 trajectory types I-III are defined by their placement within three quadrants 
(I-III) defined by dotted lines (AC=0; Δd = 1.25).  Control cells fall into negative AC and low ∆d 
quadrant (I). n=75 speckles from 10 control cells; n=80 speckles from 10 DRB-treated cells. c. 
Speckle trajectories (left) and corresponding time-lapse images (Boucher et al.) from each of the 
3 types I-III in (b). Time (hr:min) is after DRB addition. Scale bars: 1 µm. White dashed arrow 
marks direction of movement; arrowheads mark moving speckle. (Top) Type I: Forward motion-
dominant, long-range directional motion; (Middle) Type II: long-rang directional motion, but 
fewer forward steps. (Bottom) Type III: Confined speckle motion. See Video A.1. d. Three 
examples of long-range directed speckle motion. (Top) Time-lapse images. Scale bars: 1 µm. 
White arrowheads mark speckle that moves. (Bottom) Distance (µm, vivid colors, left y-axis), 
measured from the starting spot position, and velocities (µm/min, light colors, right y-axis) as a 




Figure 2.3. Long-range speckle movements are directed towards other speckles and 




a. Overview of speckle motions in one nucleus (cell clone E8). All images show maximum-
intensity 2D projections of optical sections, using pseudo-color intensity scale. Time (hr:min:sec) 
is after DRB addition. Scale bars: 1 µm. White dashed arrows show direction of speckle 
movements. (Top left) First time-lapse image taken 30 mins after DRB addition. (Top right) 
Maximum-intensity projection over all time-lapse 2D images. Roman numerals indicate different 
regions showing speckle movements, ordered by the time of speckle movements.  Some regions 
show multiple speckles appear and then move.  Each of these speckles is tagged by a number 
following the roman numeral (i.e. II-1,2 shows path of two different speckles moving in region 
II). (Bottom) Time-lapse images of each speckle movement marked by roman numeral and 





Figure 2.4.  Multiple speckles undergo long-range, directional movements along similar 
paths: repeated cycles of speckle nucleation, motion, and fusion to same target speckle.   
 
 
2D images represent 2D maximum-intensity projections of z-stacks. GFP-SON intensities are 
pseudo-colored to increase dynamic range. Time (hr:min:sec) represents time after DRB 
addition. Scale bars: 1 µm. a. (Left) Image of first cell nucleus 43mins after DRB addition, with 
boxed region containing repeated long-range speckle motions shown in (b). (Boucher et al.) 
Maximum-intensity projection of multiple 2D projected images over time from 43 mins to 1 hr 
25 mins. An elongated high intensity “trail” is generated by the time projection of repeated 
speckle movements. b. (Left) Time-lapse images of speckle movements within boxed region in 
(a). White dotted arrow lines show the direction of speckle movements. First speckle (white 
arrowheads) moves and merges with target speckle. Second speckle (yellow arrowheads) appears 
along path followed by first speckle and moves to same target speckle. Green arrowhead marks 
appearance of third speckle along same path. (Boucher et al.) Trajectories of first (brown) and 
second (green) moving speckles, showing their close overlap. c. Image of second cell nucleus 47  
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mins after DRB addition, with boxed region containing repeated speckle motions shown in (d).  
d. (Left) Time-lapse images of speckle movements within boxed region in (c). White dotted 
arrow lines show the direction of speckle movements. White, yellow, green arrowheads point to 
3 different speckles that move over similar paths.  (Boucher et al.) Trajectories of these 3 
speckles showing their close overlap.  Second (yellow) and third speckles (green) nucleate at 
similar location but at different times. e. An additional example of 4 repeated speckle movements 




Figure 2.5.  Viscoelastic behaviors of nuclear speckles.   
 
 
GFP-SON images represent maximum intensity 2D projections of 3D image stacks. Time 
(hr:min:sec) is after DRB treatment. Scale bars: 1 um. a. “Inch-worm”-like motion: A nuclear 
speckle repeats cycles of elongation and translocation until it fuses with another speckle located 
~3 µm away from starting position of first speckle. b-d. reptation motion: A speckle elongates 
towards and then fuses with another speckle prior to speckle rounding. e-f. Two examples of 
most commonly observed speckle fusion. g. Plot of the aspect ratio versus time for two speckles 
fusing with each other. The Aspect Ratio is defined as the ratio of the long axis (llong) to short 
axis (lshort) lengths of the ellipse approximating the morphology of the fusing speckles.  Fitting 
this plot to a single exponential decay curve yields an exponential decay constant corresponding 
to the relaxation time of the speckle fusion.  In this example, the relaxation time was calculated  
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as 44.9 sec. h. Plot of relaxation time versus length scale for multiple speckle fusion events 
(N=19). The slope of this linear fit of relaxation time versus length scale, corresponds to the 
inverse capillary velocity, equal to the ratio of viscosity to surface tension (η/γ).  The measured 








a. Histogram of speckle net displacements after DRB addition with or without latA. LatA 
treatment decreases the frequency of long-range speckle motion, but not the length distribution 
of their net displacements. b. Maximum-intensity projection over time (t-projection) of GFP-
SON nuclear 2D projections from 30 mins to 2 hrs after DRB and latA treatment. This t-
projection shows curvilinear paths of long-range speckle motions which terminate at another 
speckle. White dotted lines indicate direction of speckle motions.  Numbers show the number of 
speckles that move along the direction of the arrow over time (no number for one speckle). Time 
(hr:min:sec) represents time after DRB addition. Scale bar:  1 µm. See Video A.5. c. Time-lapse 
images from the boxed region in (b). Arrowheads point to moving speckles, and dotted lines 
indicate direction of speckle movements. The number on the dotted line distinguishes different  
speckles that move on the same path. Time (hr:min:sec) represents time after DRB addition . 




Figure 2.7. Repeated nuclear speckle motions occur within DAPI-depleted regions enriched 




Scale bars: 1 μm. a. Correlative SIM (DAPI, blue) and STED (SON, yellow) images of single 
optical sections, showing heterogeneous distribution of nuclear speckles and SON granules in 
DAPI-poor regions before (left) and after (Boucher et al.) DRB treatment. Regions of interest are 
marked with dotted boxes and shown enlarged in panels to right of nuclear images. Dotted 
arrows (right panels, right side) are drawn adjacent to local accumulations of SON granules 
running between two nearby nuclear speckles. b. Correlation between the path of repeated 
speckle motions, DAPI-depleted region, and local concentration of SON granules in DRB-
treated cell. (Top) Time-lapse images of repeated speckle motions. Each speckle motion is 
marked by arrow and number. Time (hr:min:sec) is after DRB addition. See Video A.6. (Bottom) 
Correlative super-resolution images after fixation in region of repeated speckle movements(Top)  
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occurred in DAPI-depleted region (left) enriched in SON granules (middle). Merged image 
(Boucher et al.). c. Same as (b) but for latA and DRB-treated cell. See Video A.7. 
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All images show single optical sections. Time (hr:min:sec) is after DRB addition. Scale bars: 1 
μm. a. Chromatin compaction over time after DRB addition. (Left, Middle) Gray-scale (top) and 
binary (bottom) images of chromatin (SiR-Hoechst) in nucleus I (left) and nucleus II (middle) at 
indicated time points. (Boucher et al.) Change in relative chromatin area (y) over time after DRB 
addition (x). b. Time-lapse images of nucleus I showing speckle (GFP-SON, green) motions and 
fusion following loss of chromatin (SiR-Hoechst, red) between the speckles that fuse. See Video 
A.8. Regions of interest (ROI) I and II marked by dashed lines are shown enlarged in (c). c. (Top 
row for ROI I and II) Time-lapse images show speckle-merging events occurred after depletion 
of chromatin in space between speckles. (Bottom row for ROI I and II) Binary images of 
thresholded SiR-Hoechst staining (white) relative to speckle boundaries (green lines). d. Same as  
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Table 2.1. Numbers of long-range speckle movements (>1 µm) per nucleus in cells treated 
with latA or expressing an actin mutant after DRB addition. 
 
 Number of 
cells 
Average number of long-
range movements per cell 
Average 
distance(µm) 
Control 16 9.8 1.53 
LatA 18 2.7 1.50 
WT actin(T) 17 13.4 1.48 
WT actin (U) 17 12.8 1.48 
G13R actin(T) 20 12.3 1.28 
G13R actin(U) 15 12.2 1.28 
S14C actin(T) 17 14 1.38 
S14C actin(U) 22 13.5 1.34 
 
 “T” stands for transfected cells with indicated actin construct, “U” stands for non-transfected 
control cells in same cell dish. LatA was added 30 mins prior to DRB addition. DRB was added 
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A significant fraction of active chromosome regions and genes reproducibly position near 
nuclear speckles, but the functional significance of this positioning is unknown.  Here we show 
that Hsp70 BAC transgenes and endogenous genes turn on 2-4 mins after heat shock irrespective 
of their distance to nuclear speckles.  However, we observe 12-56-fold and 3-7-fold higher 
transcription levels for speckle-associated Hsp70 transgenes and endogenous genes, respectively, 
after 1-2 hrs heat shock. Several fold higher transcription levels for several genes flanking the 
Hsp70 locus also correlate with speckle-association at 37 ℃.  Live-cell imaging reveals this 
modulation of Hsp70 transcription temporally correlates with speckle association/disassociation.  
Our results demonstrate stochastic gene expression dependent on positioning relative to a liquid-
droplet nuclear compartment enriched in RNA processing and transcription-related factors 











Results and Discussion 
Striking variations in transcriptional activity have been correlated with nuclear 
compartmentalization.  Across multiple species and cell types, lamin associated domains 
(LADs), as revealed by DamID, show low gene densities and transcriptional activity (Kind et al., 
2013).  Similarly, across multiple species and cell types, the radial positioning of gene loci 
within a cell population stochastically closer to the center of the nucleus is associated with higher 
transcriptional activity (Kolbl et al., 2012; Takizawa et al., 2008).  Recently, a new mapping 
method, TSA-Seq (Chen et al., 2018), has measured genome-wide the distance of chromosome 
loci relative to nuclear speckles, the light microscopy equivalent of interchromatin granule 
clusters (IGCs), visualized by electron microscopy and defined as clusters of ~20 nm diameter 
RNPs lying between chromatin regions.  IGCs/nuclear speckles represent one type of RNP-
containing, liquid-droplet like nuclear body, enriched in both RNA processing and transcription 
related factors (Saitoh et al., 2004; Tasan et al., 2018).  Strikingly, this TSA-Seq mapping 
demonstrates that speckle-associated chromosome regions correspond to one of two major 
transcriptionally active chromosomal regions, as mapped by Hi-C subcompartments (Rao et al., 
2014).  Enrichment of active genes is especially pronounced for the most highly expressed genes, 
house-keeping genes, and genes with low transcriptional pausing ( Chen et al., 2018).  These 
new TSA-Seq results provide a genome-wide complement to previous microscopy demonstrating 
the positioning of a subset of transcriptionally active genes at the periphery of speckle and, in a 
few cases, the accumulation of their transcripts within or adjacent to speckles (Brown et al., 
2008; Hall, Smith, Byron, & Lawrence, 2006; Shopland et al., 2003).  Protrusion of speckles 
toward an active gene in live cells (Misteli et al., 1997) also suggested a functionally relevant 
interaction between speckles and active genes.  Yet despite these extensive observations of active 
genes positioning near nuclear speckles, there is no evidence that alleles of endogenous genes 
positioned closer to nuclear speckles express at different levels than alleles of the same genes 
positioned away from nuclear speckles.  Indeed, the prevailing view has been that nuclear 
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speckles act instead primarily as a storage site for RNA processing factors, forming near active 
gene loci in response to high transcriptional activity (Lamond & Spector, 2003).   
 Previously, we showed that a large, multi-copy plasmid transgene array containing Hsp70 
HSPA1A transgenes become associated with nuclear speckles after heat shock (Hu, Plutz, & 
Belmont, 2010; Khanna et al., 2014) either through nucleation of a new speckle near the 
transgene array or through a long-range, directional movement of the transgene array to a 
preexisting nuclear speckle.  Following speckle association, heat-shock induced transcription of 
the plasmid transgene array increased significantly.  However, this large transgene array, 
containing an estimated 700 plasmid copies, had heterochromatic properties typical of other 
plasmid multi-copy arrays (Khanna et al., 2014).  Moreover, whereas endogenous Hsp70 
transgenes show synchronous transcriptional induction within several minutes, transcriptional 
induction of this plasmid transgene array is noticeably asynchronous, requiring 20-30 minutes 
for all cells to show transcriptional activation over the array (Hu, 2010).   
 To determine the influence of speckle proximity on transcriptional activation in a more 
physiologically relevant context, we investigated the dynamics of Hsp70 gene activation after 
heat shock at both the endogenous and BAC transgene loci as a function of speckle association. 
First, we identified cell lines in which the endogenous heat shock locus showed significant 
populations of both speckle-associated and non-speckle associated alleles.  In multiple cell lines 
(K562, Tig3, WI-38, data not shown), including HCT116 (Tasan et al., 2018), the endogenous 
Hsp70 locus is positioned adjacent to nuclear speckles in nearly 100% of cells. We identified 
human haploid Hap1 and Chinese Hamster CHO cells in which ~10% of endogenous Hsp70 
alleles positioned away from nuclear speckles (> 0.45 μm) (Fig. B.1A-D). In Hap1 cells, but not 
CHO cells, a small but statistically significant further shift was observed towards nuclear 
speckles after heat shock for the endogenous locus (Fig. B.1A-D).  We next established that the 
BAC human Hsp70 transgene stably integrated into CHO cells showed similar gene positioning 
relative to nuclear speckles and changes in transcription with speckle association (Fig. B.1A-B) 
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(Wilcoxon; p-value >0.05), but showed a small but statistically similar shift towards nuclear 
speckles after heat shock (Fig. B.1B) (Wilcoxon; p<0.0001), as was seen for the endogenous 
Hsp70 locus in Hap1 cells. This Hsp70 BAC contains just the single Hspa1b gene located near 
the center of a 172kb human genomic insert. The BAC was generated by a 8 kb deletion of the 
HSPA1A and HSPA1L genes within the original BAC construct. The BAC copy number in this 
cell line was estimated by qPCR as ~1-3 copies (Khanna, 2014). 
 To correlate transcriptional activity of the endogenous Hsp70 gene with gene position 
relative to nuclear speckles, cells were fixed every 2 mins after heat shock. We used a smRNA 
FISH probe set directed against HSPA1B; due to sequence homology, this probe should 
recognize transcripts from all three highly homologous endogenous Hsp70 genes- HSPA1A, 
HSPA1L, and HSPA1B. The fraction of human haploid Hap1 nuclei containing a positive RNA 
FISH Hsp70 nascent transcript signal increased from near 0 to 1 between 0-4 mins after heat 
shock (Fig. 3.1A).  A near identical synchronous induction between 0-4 mins after heat shock 
was observed for the HSPA1B gene contained in the Hsp70 BAC stably integrated into the CHO 
cell genome (Fig. 3.1A). Overall, the Hsp70 BAC transgene, although randomly integrated into 
the CHO genome, showed near identical speckle association behavior and transcriptional 
induction dynamics after heat shock as the endogenous Hsp70 locus in Hap1 cells (Fig. 3.1A).  
 To compare levels of transcriptional induction with speckle association as a function of 
time after heat-shock, we measured the integrated intensity of the smRNA FISH signal over the 
site of nascent transcripts at speckle-associated versus non-speckle associated 
transgene/endogenous gene locus. We defined BAC transgenes/endogenous gene as “speckle-
associated” if the transgene and/or nascent transcripts positioned within 0.15 µm from the 
nuclear speckle edge and “non-speckle associated” when the transgene located further than 0.45 
µm from the nuclear speckle edge.  We assume a steady-state between the synthesis of new 
transcripts and the release of transcripts from the transcription site, which occurs with a constant 
probability per transcript per time. Then the integrated number of transcripts accumulating 
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adjacent to the gene should be proportional to the rate of transcription. Indeed, the total number 
of dispersed Hsp70 mRNA molecules counted by smRNA FISH in the cell at 15 mins after heat 
shock correlates linearly with the integrated nascent RNA signal at transcription site (Pearson 
correlation coefficient, R=0.6, Fig. 3.1B-C).  
We found a strong dependence of the level of transcriptional induction of both the Hsp70 
BAC transgene and endogenous genes with speckle association as a function of time after heat-
shock. In contrast, the dynamics of this transcriptional induction was independent of nuclear 
speckle association (data not shown), with near 100% of alleles showing transcriptional 
induction 4 mins after heat shock (Fig. 3.1A). At 1 hour after heat shock, we observed a 14-fold 
higher nascent transcript level for speckle-associated versus non-associated Hsp70 BAC 
transgenes (Fig. 3.1D). At 2 hours after heat shock, this further increased to a 57-fold higher 
nascent transcript level for speckle-associated versus non-associated Hsp70 BAC transgenes, as a 
result of an ~2-fold increase in nascent transcripts for speckle-associated transgenes combined 
with an ~2-fold decrease in nascent transcripts for non-associated transgenes (Fig. 3.1D, inset).   
To extend these results to the endogenous Hsp70 locus, we repeated this analysis to 
examine heat-shock induced activation of the endogenous Hsp70 genes in both human Hap1 and 
Chinese Hamster CHO cells. We observed an ~ 3-fold to ~7-fold increased level of nascent 
transcripts for speckle-associated versus non-associated Hsp70 genes in both cell types at 1 and 2 
hours, respectively, after heat shock (Fig. 3.1E).   Both the endogenous and BAC speckle-
associated Hsp70 genes showed roughly a doubling of nascent transcript levels between 1 and 2 
hours after heat shock.  However, whereas the endogenous Hsp70 genes that were not speckle-
associated showed no change in transcript levels between 1 and 2 hours after heat shock, the 
BAC Hsp70 transgenes that were not speckle-associated showed a roughly 2-fold decrease in 
transcript levels between 1 and 2 hours after heat shock. Thus in addition to showing a lower 
fold-induction after heat shock, BAC Hsp70 transgenes which were not speckle-associated 
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showed an earlier down-regulation of the heat shock response than those that were speckle-
associated. 
 The increased transcription of Hsp70 with speckle association raised the question of 
whether transcription of genes flanking the Hsp70 locus would similarly show increased levels 
with speckle association.  Even without heat shock, ~90-100% of the Hsp70 chromosome loci 
are positioned within several hundred nm of nuclear speckles in multiple human cell lines (data 
not shown).  Moreover, we found that several independently derived CHO cell clones with 
Hsp70 BAC stable chromosomal integrations showed ~90% of the Hsp70 BAC transgenes 
localizing within 450nm from the boundary of a nuclear speckle at 37o C (Fig. B.2).  These 
results suggest the existence of a speckle-targeting mechanism that targets the endogenous 
Hsp70 locus and BAC Hsp70 transgenes to nuclear speckles.   
 We first used smRNA FISH to measure nascent transcripts from three active human 
genes- VARS, LSM2, and C6orf48- flanking the Hsp70 genes on the BAC transgene (Fig. 3.2A-
C) stably integrated in CHO cells.  Interestingly, all three tested genes showed a very similar, 
approximately 3-fold increase in nascent transcript levels with speckle association (Fig. 3.2B, C): 
3.0 fold for C6orf49, 2.7 fold for VARS, and 2.5-fold for LSM2.  All of these genes tested in the 
BAC transgene showed near 100% of alleles with nascent transcripts; thus they were on 
constitutively. 
 Similarly, for the endogenous human Hsp70 locus we measured fold-increases of 3.0-fold 
for each of the VARS, LSM2, and C6orf48 gene nascent transcript levels and 1.7 for the MSH5 
gene nascent transcript levels in human Hap1 cells (Fig. 3.2D-F).  In contrast to C6orf48, which 
showed constant transcriptional activity, MSH5, LSM2, and VARS are bursting genes that show 
nascent transcripts in only 90±1%, 46±2%, and 70±2% (mean±SEM from 3 independent 
experiments), respectively, of the haploid Hap1 cells. However, for each of these three bursting 
genes, the fraction of cells with visible nascent transcripts associated with nuclear speckles 
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versus visible nascent transcripts not associated with nuclear speckles was comparable to the 
fraction of gene loci mapped by DNAFISH as adjacent to nuclear speckles versus not adjacent to 
nuclear speckles (Fig. B.1A).  Thus, speckle association did not increase the frequency of 
bursting for these genes, but did enhance their levels of transcription.  Although each of these 
genes shows a very similar average increase in nascent transcript levels with speckle association, 
within individual cells, the variability in transcript levels with speckle association is large.  
However, this variation appears to be uncorrelated between different genes at the same locus, as 
indicated by 2-color smRNA FISH of pair-wise combinations of these genes (data not shown). 
 These smRNA FISH measurements establish a strong correlation between speckle 
association and increased transcriptional activity of Hsp70 and flanking genes at the Hsp70 locus 
both for BAC transgenes and the endogenous loci.  They do not determine whether increased 
transcription occurs first and is then followed by nucleation of a new nuclear speckle or 
movement to a pre-existing speckle, or whether speckle association occurs first and is then 
followed by increased transcription.  To determine the temporal relationship between speckle 
association and changes in transcription, we used live-cell imaging of Hsp70 BAC transgenes to 
simultaneously track transgene position, speckles, and the level of MS2-tagged nascent 
transcripts. The Hsp70 BAC transgene contained a 256mer lac operator repeat inserted 29.4 kb 
upstream of the HSPA1B gene and a 24-mer MS2 repeat inserted into the HSPA1B 3’ UTR (Hu, 
2010; Khanna, 2014). Transgenes were tagged with GFP-lac repressor, nuclear speckles were 
tagged with EGFP-SON, and the MS2 repeats on transcripts were tagged with mCherry-MS2 
binding protein (mCherry-MBP). 
 Starting from 1080 cells imaged, we obtained 438 cells in which the Hsp70 BAC 
transgene, nuclear speckles, and MS2-tagged expression could be simultaneously tracked over 
time.  In the remaining cases, either nuclear regions moved out of focus or the field of view 
during the imaging period and/or inappropriate levels of expression of the GFP-lac repressor, 
GFP-SON, and/or mCherry-MS2 binding protein (MBP) prevented us from visualizing each of 
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these three components and/or distinguishing the BAC transgene from small nuclear speckles.  
The observed dynamics of transgene, speckles, and nascent Hsp70 transcripts from each of these 
438 cells were then sorted into different categories, as summarized in Table 1.    
 The three general categories with the simplest to describe dynamics corresponded to cells 
in which the transgene was always associated with a speckle, cells in which the transgene started 
distant from a speckle but then moved to and remained associated with a speckle, and cells in 
which the transgene became associated with a speckle and showed a visible transcription signal, 
but then moved away from the speckle. 
 Approximately 1/3 (146/438) of cells in which we tracked the dynamics fell into the first 
category in which the BAC transgene remained localized within a 0.15 µm distance from the 
nuclear speckle periphery during the entire ~20-25 min observation period (Fig. 3.3A).  When 
such stable association was made between the transgene and the speckle, nascent transcripts 
labeled with MS2 became visible above the diffuse, nucleoplasmic background of the MS2-
binding protein typically between 2-4 minutes after the temperature of our microscope’s 
incubator chamber reached 44oC (Fig. 3.3D, grey bars), and gradually increased afterward during 
the remaining ~20 minutes of observation (Video B.1). 
In the second of these three simplest categories, we observed transgene and/or speckle 
dynamics such that their relative distance exceeded 0.45 µm at some time point but then the 
speckle became stably associated with a nuclear speckle and subsequently a MS2 signal 
appeared (Fig. 3.3B). The overall time elapsed after the temperature had reached 44oC before a 
visible MS2 signal appeared was longer in these cells for- typically 3 mins- relative to the time 
observed in cases where the transgene was always associated near the nuclear speckle (Fig. 
3.3D).  Most of this delay appears to be the time required for the transgene to move to the 
speckle (Fig. 3.3E). In all of these live cell observations, MS2 signals appeared above 
background only after speckle-gene association. If speckle contact occurred after the temperature 
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had already reached 44oC, a visible MS2 signal usually appeared above background between 0-2 
mins after contact (Fig. 3.3B, E).  When speckle association was made before the temperature of 
microscope stage ramped up to 44℃, a longer time lag between speckle association and a visible 
MS2 signal was observed (Fig. 3.3E). 
We found 41cells fell into this second category among the 438 cells for which transgene 
trajectories, speckles, and MS2 signals could all be visualized for the complete duration of the 
time-lapse observation.  The actual details related to these movements varied among examples.  
Typically, prior to heat shock the transgene was positioned away from the nuclear speckle (32/41 
cells, Fig. B.3, Sub-category 1), with movement usually of the transgene but sometimes the 
speckle resulting in speckle association (Fig. B.4).  In another 9 cells, the BAC transgene was 
speckle associated before heat shock but then separated from the speckle to a distance greater 
than 0.45 µm, either by a retraction of the speckle as it rounded up after heat shock or by a 
movement of the transgene away from the speckle, before making stable contact again with the 
speckle (Fig B.3, Sub-category 4, Fig. B.5).  
 These examples in the second category establish a strong temporal correlation and order 
with increased transcription following speckle contact, strongly suggesting a functional 
connection between speckle contact and increased transcription.  However, we cannot rule out 
the possibility that movement to speckles happens to be correlated with timing of increased 
transcriptional activation without an actual causal relationship between speckle association and 
increased transcription.  Therefore, the third category of speckle movements is particularly 
informative.  In this category, the transgene associates with a nuclear speckle producing a 
transcript MS2 signal above background but then moves away from the speckle (28 cells). 
Movement of the transgene away from the speckle was associated with a decrease or 
disappearance of the MS2 signal (Fig. 3.3C, Fig. B.6-7, Video B.3), establishing an important 
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temporal correlation between loss of speckle contact and reduction and loss of MS2 nascent 
transcript signal.   
 Establishing the exact relationship between speckle distance and a reduction in 
transcription is more difficult than the converse case of transcriptional enhancement after speckle 
contact.  There will be a delay between a change in transcriptional initiation and/or 
transcriptional pause release and a change in the level of nascent transcripts containing MS2 
repeats.  The Hsp70 transgene has the MS2 repeat in the 3’ UTR near the end of the 2524 bp 
HSPA1B transcribed region.  Given the estimated ~2 kb/min rate of RNA pol2 elongation 
(Mason & Struhl, 2005), we would expect a 1-2 minute time delay between a decrease in new 
transcript initiation and/or pause release and a decrease in the level of MS2-labeled transcripts.  
 Once transgenes moved further than 0.5-1 µm from a speckle, transcripts decayed within 
1-2 minutes (Fig. B.6A, Video B.5).   However, when the transgenes moved smaller distances 
away from the speckle, a low level of transcription was maintained rather than a complete decay 
of the MS2 signal (Fig. 6.7B).  Additionally, the separation distance associated with a complete 
decay of the nascent transcript signal appeared to depend on the level of transcription, as inferred 
from the amount of MS2-tagged nascent transcripts adjacent to the transgene.  When this level 
was low, we observed loss of the transcript signal right after transgene-speckle separation, while 
when transcription was higher a complete loss of transcript signal appeared to require a larger 
separation.  The reasons for this are not yet clear, but may be related to the difficulty of 
establishing one physical connections are lost between the speckle and the transgene.  Indeed, 
with continued and increased accumulation of nascent transcripts, we observed the creation of a 
connecting bridge of MS2-tagged transcripts lying between the transgene and speckle periphery; 
we also could observe deformation of the speckle shape toward the transcripts (Fig. B.7, Video 
B.4).  These transcript “bridges” sometimes elongated as the transgene moved away from the 
speckle until the transgene had moved far enough away to break contact.  
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 In addition to these three simple classifications of speckle/transgene dynamics, more 
complicated and/or more rare classifications shed additional light on the functional significance 
of nuclear speckle association to transcription of the HSPA1B transgene (Table 3.1).   
 In just 5/438 cells, the transgene did not associate with any speckles during the entire 
imaging period. Nevertheless, we observed a low level of transient increases in transcription 
such that the MS2-tagged nascent transcript signal would appear above the MS2-binding protein 
background, but for no longer than one time point (1 minute intervals) (Fig. B.8).  These 
observations are consistent with our smRNA FISH data from fixed cells showing all transgenes 
initiate transcription but that transgenes that associate with nuclear speckles show an 
amplification of their transcriptional level.  
 Additional dynamics were observed, but in all these cases appearance of a MS2 signal 
above the background was coupled to nuclear speckle association.  Beyond the 41 cells in the 
second category which moved to a speckle and then turned on and the 28 cells in the third 
category which moved away from a speckle after showing a visible MS2 signal, we observed 
another 37 cells in which the transgene / speckle distance at some time point exceeded 0.45 µm 
but showed more complicated dynamics (Fig. B.3).  In 11% of cells (48), the transgene moved 
relative to the nuclear speckle but never further than 0.45 µm.  Additional dynamics included 
speckle protrusion to a transgene (7.5%, Fig. B.4C), nucleation of a new speckle (8%, Fig. 
B.4D), movement of the transgene from one speckle to another (6.4%), and coordinated 
movement of a speckle together with an associated transgene (8.5%, Fig. B.9).  
 Comparing these classes of transgene and nuclear speckle dynamics after heat shock with 
dynamics observed at 37 oC, significant differences included the appearance of transgene 
association through nucleation of a new speckle only after heat shock, a 20% higher percentage 
of cells showing stable transgene / speckle association at 37 oC, and the absence of entry into 
67 
 
mitosis after heat shock (Table 3.1).  Nuclear speckles also were noticeably less mobile and 
showed fewer changes in morphology at 37 oC.   
 Interestingly, at both heat shock and normal temperatures, we observed long-range, 
repetitive oscillations in which transgenes moved large distances away from speckles and then 
back to the same speckle (typical, Fig. B.3, Fig B.10B, Video B.6) or sometimes to a different 
speckle (Fig. B.3, Fig B.10C, Video B.7).  Based on our smRNA FISH results, we anticipate that 
such oscillations should produce significant variations in the transcriptional levels of the four 
genes flanking the Hsp70 locus showed transcriptional amplification associated with speckle 
association (Fig. 3.2).  
 In summary, here we have demonstrated a new phenomenon of “transcriptional 
amplification” for Hsp70 genes and 4 genes flanking the Hsp70 locus, in which association with 
a nuclear body, in this case nuclear speckles, is associated with a several fold boost in 
transcription levels.  This transcriptional amplification phenomenon is distinct from the now 
well-described phenomenon of transcriptional bursting, in which genes pulse on and off, in each 
case for extended time periods.  Both bursting genes (MSH5, LSM2, VARS) and nonbursting 
genes that were continually on either at 37 oC (C6orf48) or 2-4 mins after heat shock (Hsp70 
genes) showed several-fold increases in transcription when associated with nuclear speckles. 
HSPA1B in the BAC transgene showed much larger increases in transcription with speckle 
association (13-50 fold).  The reason for this higher amplification of the HSPA1B transgene is 
unknown, but may be related either to the deletion of the HSPA1A, HSPA1L, and associated 
regulatory sequences in the transgene, and/or to chromosome position effects related to the 
transgene insertion site.  Our results parallel our previous findings of the appearance of Hsp70 
transcription after speckle association of a very large plasmid transgene array.  However, this 
plasmid array was unusually heterochromatic and its activation dynamics after heat shock were 
greatly delayed and abnormal as compared to the endogenous heat-shock locus.  Our current 
results greatly extend this earlier work by placing these observations in a physiological context, 
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and clearly establish that the increased transcription is not related to control of initiation of 
transcription but rather transcriptional amplification. 
 The mechanism underlying transcriptional amplification remains unknown, but may be 
related to the phase separation properties of nuclear speckles and their contents.  The tight 
temporal correlation we observed in live cell movies between speckle association and increased 
transcription and separation from speckles and reduction or loss of transcription strongly 
suggests that this transcriptional amplification follows actual contact with the nuclear speckle 
periphery.  Both live-cell movies and fixed smRNA FISH strongly suggest that “contact” can be 
mediated through the bridging of nascent transcripts; nascent transcripts specifically accumulate 
between transgene and speckle, with high level of transcription still observed if the transgene is 
separated from the speckle by several hundred nm but remains connected through this nascent 
transcript bridge.  An actual physical linkage between transgene and speckle through the 
bridging nascent transcripts is further suggested by live cell movies showing elongation of the 
MS2 signal during transgene movement away from speckles (Fig. B.7, Video B.4) and 
movement of one speckle with transgene and transcripts attached to another speckle (Fig. B.9, 
Video B.5).  
 Overall, our results support the concept of nuclear speckles as a transcription hub serving 
to increase the level of transcription of associated genes.  We propose speckle association as a 
new mechanism of stochastic gene expression for a potentially large subset of active genes.  
Future work will be aimed at determining how prevalent transcriptional amplification, mediated 





Materials and Methods 
Cell culture and establishment of cell lines 
CHO cells were grown in Ham’s F12 media (Cell media facility, University of Illinois at 
Urbana-Champaign) with 10% fatal bovine serum (Sigma-Aldrich, F2442) at 37 oC in a 5% CO2 
incubator. To generate stable CHO cell lines, we repeated transfection with Lipofectamine 2000 
(ThermoFisher), drug selection beginning 48 hours after lipofection, and selection of stable cell 
colonies in the following order: Hsp70 BAC (G418, 400ug/ml) (Hu, 2010; Khanna, 2014), 
p3’SS-EGFP-dlacI (hygromycin, 200ug/ml) (Robinett et al., 1996), EGFP-SON BAC (Zeocin, 
200ug/ml) (Khanna, 2014), and Ub-MS2bp-mCherry (Puromycin, 400ug/ml) (Khanna, 2014).  
Modifications of the Hsp70 (original BAC: 92G8, Invitrogen) and SON (original BAC: 165J2, 
Invitrogen) BACs were as described elsewhere (Hu, 2010; Khanna, 2014). The final CHO cell 
clone we used for imaging in these studies was C7MCP. 
 
Single molecule RNA FISH (smRNA FISH)  
smRNA FISH was performed using Stellaris probes and protocol (Biosearch 
Technologies). Probes were designed with the Stellaris Probe Designer using 1.5~2kb of the 5’ 
end of coding sequence. The set of FISH probes for each gene consisted of ~33 20 mer DNA 
oligonucleotides, complementary to a target RNA. We ordered the designed probes with an 
amino group at their 3’ end for a coupling of fluorophores. The probes were coupled with Cy5 
NHS ester (GE Healthcare) or rhodamine NHS ester (ThermoFisher, 46406) by incubate 
overnight in 0.1M sodium bicarbonate solution (pH 8.0) at room temperature, and purified using 
Bio-Spin P6 columns (Bio-Rad) according to manufacturer’s protocol. The purified probes were 
~50-100µM in Tris buffer. 
Cells were seeded on coverslips (Fisher) 2 days before experiments. When heat shock 
was needed, a well-plate or dish containing the coverslip was sealed using parafilm and 
incubated in water bath at 42℃.Cells were fixed using freshly prepared 3.6% paraformaldehyde 
(PFA, Sigma, P6148-500G) in phosphate-buffered saline (PBS) for 15 mins at room temperature. 
After three times of washing for 5minutes each in PBS, cells were permeabilized using 0.5 % 
Triton X-100 (ThermoFisher) for 10 minutes in RNase-free PBS. After three times of rinsing in 
RNase-free PBS, the permeabilized cells were equilibrated in wash buffer (10% Formamide 
(Sigma, F9037), 2x saline-sodium citrate (SSC) in RNase-free water) for 30min. The cells were 
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incubated in hybridization buffer with smRNA FISH probes (final concentration, ~300-500nM) 
for 15 hours at 37℃. The hybridization buffer contained 2x SSC, 10% formamide, 10%w/v 
dextran sulfate (sigma, D8906), 1mg/ml E.coli tRNA (Sigma, R8759), 2mM ribonucleoside 
vanadyl complex (RVC) (NEB, S1402), 0.02% Rnase-free BSA (Ambion, AM2618) in RNase-
free water. The cells were then washed 2x for 30 minutes each at 37℃ in wash buffer, and 
mounted in a Mowiol-DABCO anti-fade medium (Ed Harlow, 1988). 
  For endogenous transcripts in HAP1 cells, smRNA FISH was followed by 
immunostaining against SON. After smRNA FISH, cells were fixed again with 3.6% PFA in 
RNase-free PBS for 15 mins, and washed for 5 mins 3 times. cells were incubated in blocking 
buffer (0.5% Triton X-100, 1% w/v RNase-free BSA, 20µM RVC). Cells were incubated with 
primary antibody against SON (1:300 in PBS, Sigma) for 1 hr in a humid chamber at room 
temperature (Levesque, Ginart, Wei, & Raj), washed for 5 mins 3 times in RNase-free PBS, and 
incubated with secondary antibody, goat anti-rabbit labeled with Alexa488 (1:300 in PBS, 
Molbiol) for 1 hr in a humid chamber at RT.  All antibody solutions were supplemented with 
0.4U/µl RNase inhibitors (Lucigen, E0126). For endogenous transcripts in wild type CHO cells, 
immunostaining against SC-35 was done prior to smRNA FISH. We followed the similar 
immunostaining procedure described above, but with primary antibody against SC35 (1:300 in 
PBS, Abcam) for 12 hrs at 4 ℃ and with secondary antibody, goat anti-mouse labeled with 
Alexa488 (1:300 in PBS, Invitrogen). After washing for 5 mins 3 times in RNase-free PBS, 
slides were mounted in a Mowiol-DABCO anti-fade medium.  
 
Microscopy and data analysis of fixed samples 
 For fixed cells, we used a Personal Delta Vision microscope (GE Healthcare) equipped 
with a Coolsnap HQ camera and Plan Apo N 60x/1.42 NA oil-immersion objective (Olympus).   
Sections were spaced every 200 nm in z.  Pixel size was 67 nm.  3D z-stacks were processed 
using the “Enhanced” version of the iterative, nonlinear deconvolution algorithm provided by the 
Softworx software (Agar et al 1989) (GE Healthcare), and projected into 2D using a maximum 
intensity algorithm. The distance between a gene and a nuclear speckle was measured from the 
maximum intensity projection of the 3D data set: The edge of the speckle was defined as where 
the nuclear speckle intensity fell to 40% its intensity maximum, and the distance measured to the 
center of the BAC transgene or FISH spot. Measurements were made manually using line profile 
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function in imageJ. smRNAFISH signal intensities over nascent transcripts were measured by 
manually selecting nascent RNA FISH area in 2D sum projection of the 3D raw data set, 
summing pixel intensity, and then subtracting background intensity estimated from same sized 
adjacent area. Mesaurements were made using ImageJ. For counting the number of mature 
mRNA spots, we used the software developed by Arjun lab as described elsewhere (Levesque et 
al., 2013; Shaffer, Wu, Levesque, & Raj, 2013). 
 
Live cell imaging and analysis 
 Cells were plated on 35mm dishes with #1 1/2 thickness glass coverslips (Matek) or #1 ½ 
coverslips (Fisher) 48 hours before imaging.  For rapid, wide-field live-cell imaging, we used a 
GE OMX V3 microscope equipped with a U Plan S-Apo 100×/1.40 NA oil-immersion objective 
(Olympus), two Evolve EMCCD cameras (Photometric), and a live cell incubator chamber (GE 
Heathcare) with separate temperature controllers for the objective lens and the incubator heater, 
and a humidified CO2 supply. Temperatures for both the objective lens and incubator chamber 
were maintained at 37 oC, and changed to 44 oC for heat shock after the 1st time frame was taken.  
This temperature setting at 44 oC produced a similar transcriptional induction of the Hsp70 BAC 
transgene as seen in dishes off the microscope heated to 42 oC.  
 3D images (z-spacing=200nm) were acquired every min typically using the solid-state 
illumination with 1% transmittance, 10~15 msec exposure for 477 nm excitation (GFP) and 
2~5% transmittance, 10~20 msec exposure for 571 nm excitation (mCherry). 3D z-stacks were 
processed using the “Enhanced” version of the iterative, nonlinear deconvolution algorithm 
provided by the Softworx software (Agard, Hiraoka, Shaw, & Sedat, 1989) (GE Healthcare), and 
projected into 2D using a maximum intensity algorithm. Using a custom Matlab code, each cell 
in the projected live cell movies was tracked and cropped into 216x216 pixel area frame with the 
cell located in the center of the area and saved as a single file. If necessary, a rigid body 
registration (ImageJ plugin ‘StackReg’) was applied to correct for any x-y nuclear rotation 
and/or translational displacement between sequential time points. Each of these individual cell 
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Figure 3.1. Both Hsp70 BAC transgenes and endogenous genes induce synchronously 2-4 
mins after heat shock but show higher transcript levels when associated with nuclear 
speckles.   
 
 
 (A) Transcriptional induction of HSP70 BAC transgene in CHO cells and endogenous Hsp70 
genes in HAP1 cells 2-4 mins after heat shock (SEM, 3 replicates).  (B) Scatterplot between 
levels of nascent pre-mRNA signals versus numbers of mature mRNAs after 15-min heat shock. 
Non-speckle associated BAC transgenes (Red circles, n=6), Speckle-associated BAC transgenes 





Figure 3.1. Cont. 
min heat shock.  (Top) smRNA FISH, nascent pre-mRNAs at Hsp70 BAC transgene 
(arrowhead); (middle) transgene location (GFP-Lac repressor, arrowhead) and nuclear speckles  
 (GFP-SON); (bottom) merged image, smRNA FISH (red), Hsp70 transgene and speckles 
(green). (D) Higher pre-mRNA levels (boxed regions) for speckle-associated (top) versus non-
associated (bottom) BAC transgenes: (Left)  Representative images of smRNA FISH (red) 
versus nuclear speckles (GFP-SON, lighter green) and BAC transgene (GFP-LacI, bright green) 
at 0, 1, and 2 hrs after heat shock (2D maximum intensity projections); (right) mean normalized 
pre-mRNA intensities at speckle-associated (black, A) or non-associated (red, N) BAC 
transgenes 0, 1, and 2 hrs after heat shock, with fold differences (blue) of mean (median) for A 
versus N. (E) Left: Same as in (D) but for endogenous Hsp70 locus in CHOK1 cells versus 
haploid human Hap1 cells.  smRNA FISH (red), nuclear speckles (green). Right:  Same as in 
(D), right, but for endogenous Hsp70 locus in CHOK1 versus Hap1 cells.  Scale bars, 5 μm in (C 


























Figure 3.2. Transcription enhancement of speckle-associated genes flanking Hsp70 gene 
locus at 37 oC. 
 
 
smRNA FISH signals from flanking VARS, LSM2, and C6orf48 genes in Hsp70 BAC transgene 
integrated in CHO cells (A-C), and from flanking MSH5, VARS, lSM2, and C6orf48 genes at 
the endogenous locus in Hap1 cells (D-F).  (A, D) Gene locations (grey boxes, magenta gene 
names) relative to Hsp70 genes in BAC construct (A: vector backbone (black), 256mer lac 
operator repeat and Kan/Neo selectable marker (green), 24mer MS2 repeat in 3’UTR of 
HSPA1B(red)) and at endogenous locus (D).  (B, E) Representative images of smRNA FISH 
(red) signals for specific BAC transgenes (B) or endogenous gene (E) showing nascent 
transcripts associated (top) versus non-associated (bottom) with nuclear speckles.  White  
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Figure 3.2. Cont. 
arrowheads- nascent transcripts; Empty arrowheads nuclear speckle.  Scale bars, 1 um.  (C, F) 
Boxplots showing nascent transcript levels for 3 (C) or 4 (F) genes flanking BAC Hsp70 
transgene (C) or endogenous Hsp70 locus (F) as function of speckle association (“A”) or non-
association (“N”).  Intensities are normalized by the mean intensity at speckle-associated loci:  




























Figure 3.3. Strict temporal correlation between speckle association and HSPA1B 
transcriptional amplification.   
 
 (A-C) (Left panels) Transgene location (brighter green, solid arrowheads), nuclear speckles 
(green, open arrowheads), and MS2 signal (red) as a function of time (min) after start (at 37 oC) 
of observation (Heating on at 1 min, stable heat shock (HS) reached at 5 min (grey line on the 
right panel)).  Scale bar: 1µm. (Right panels) The distance (d) of Hsp70 transgene from the 
closest speckle (green), and the nascent pre-mRNA level at the locus (red).  
(A) Transgene associated with speckle throughout heat shock. MS2 signal appears coincident 
with reaching final heat shock temperature at 5 mins (Video 1). (B) Transgene initially  
77 
 
Figure 3.2. Cont. 
unassociated with speckle. MS2 signal appears at 10mins, ~5 mins after reaching heat shock 
temperature and ~1 min after moving to and contacting the speckle (Video 2). (C) Hsp70 
transgene disassociating from speckle. Strong MS2 signal decreases and then disappears after 
transgene moves away from speckle (Video 3). (D) Histogram showing time of MS2 signal 
appearance after HS for speckle-associated (grey) versus non-associated (red) transgenes. ~3 
min-delays in MS2 signal appearance for speckle-associated (mean=6.5min) compared to 
speckle-associated (mean=3.6min). (E) Scatterplot showing timing of speckle-transgene 
association after HS versus starting distance of transgene to speckle versus time lags (color) 
between speckle-gene association made after HS and appearance of MS2 signal. Time lags: 
















































Categories 37℃ Heat shock 
Dynamic range of Hsp70 gene/speckle movement for association/dissociation 
dmax<0.15µm 52.7%(79), SFig.9A 33.3%(146), Fig3A, Video1 





4, SFig.3A-B, SFig.4-6 
Additional dynamics 
Speckle protrusion 5.33%(8) 7.53%(33), SFig.3C 
Speckle formation 0.00%(0) 7.99%(35), SFig.3D 
No association 0.00%(0) 1.14%(5), SFig.7 




Coordinate movement of 
speckle&gene 
6.67%(10) 8.45%(37), SFig.8, Video5 
Mitosis 6.67%(10) 0.00%(0) 
Total number of cells 150 438 
Faint signal of MCP or BAC or 
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SUPPLEMENTARY FIGURES FOR CHAPTER 2 
Figure A.1.  Morphological changes of nuclear speckles and nuclei after treatment with 




a. Fixed cell images after 2 hr treatment with the indicated chemical. Scale bar: 5um. b. Box 
plots summarizing statistical distribution of relative brightness of individual speckles after 
treatment with indicated chemical normalized to the mean of speckles in control cells. c. 
Fractional change in the size of nucleus during 1 hr live cell imaging of control (Ctrl, black) or 
treated cells (Chemical indicated, color). Triptolide (TRL). Error bars represent standard 
deviations between cell nuclei. d. Fractional change in aspect ratio of the nuclear major axis to 











GFP-SON images represent maximum intensity 2D projections (left) of 3D image stacks or 
maximum intensity projections over time (t-projection) of these 2D projections (Boucher et al.). 
Time (hr:min) is after DRB treatment. Scale bars: 1 µm. a. (I,II) Examples of long-range 
directional speckle movements within one nucleus. (Left) White arrows: direction of each 
















GFP-SON images represent maximum intensity 2D projections of 3D image stacks. Time 
(hr:min:sec) is after DRB treatment. Scale bar: 1 um. As a first speckle (white arrowhead) moves 
towards a large, target speckle, a second, small speckle (yellow arrowhead) appears to nucleate 
at a position on linear path connecting the first and target speckles. The first speckle moves along 
this linear path, fuses with the second speckle, and then the fused speckle continues along this 
linear path and fuses with the large target speckle. One minute later, three new small, collinear 































Top: Pseudo-colored GFP images showing GFP-SON (speckles) and GFP-lac repressor (Hsp70 
plasmid transgene array) (Khanna et al. 2014) represent maximum intensity 2D projections of 3D  
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Figure A.4. Cont. 
 image stacks. Time (hr:min) is after heat-shock induction of Hsp70 transgene array. Scale bar: 2 
µm. Nuclear speckles nucleate adjacent to Hsp70 transgene array (brightest spot, marked by 
asterisks 1min), move along linear path (white dashed arrow, 5 min) to fuse with large target 
nuclear speckle. Three cycles of speckle nucleation, long-range movement, and fusion to same 
target speckle are seen. Arrowheads (yellow, white, and green- in order of speckle formation) 





Figure A.5.  Nuclear speckle movement towards heat-shock, transcriptionally activated 




Top:  Speckle movement (white arrow) occurs along a linear path. Images of GFP-SON 
(speckles, light green) and GFP-lac repressor (Hsp70 transgene, brighter green) and mCherry-
MS2-binding protein (red) represent 2D maximum intensity projections of 3D image stacks. 
Time (hr:min:sec) is after heat-shock induction of Hsp70 transgene. The mCherry-MS2-binding 
protein stains MS2-tagged transcripts of the Hsp70 transgene. Scale bar: 5µm. 
Bottom: Enlarged views of boxed region from top images. Subsequent speckle movement occurs 
along linear path (white arrow) marked by GFP-SON accumulation at 1:00 min after heat-shock. 
Pseudo-color display of GFP intensities provides improved dynamic range for visualization. 
Images were coded with ‘Fire’ LUT in ImageJ. The brightest spot (yellow) marks the Hsp70 


















GFP-SON images represent maximum intensity 2D projections of 3D image stacks. Time 
(hr:min:sec) is after Cd addition. Scale bar: 1 um. Long-range speckle movements, marked by 

















Figure A.7.  Cont. 
Live cell imaging shows nuclear speckle (GFP-SON, green) movements relative to chromatin 
staining (SiR-Hoescht, red).  All images are 2D maximum intensity projections over several 
optical sections (6 sections, panels a&c, 3 sections, panel b, z-spacing=300nm). Time (hr:min or 
hr:min:sec) is after start of imaging.  Scale bars= 1 μm.  Long-range nuclear speckle movements 
(white arrows) and fusions between speckles during late G2 into early prophase (a&b) and 
during prophase and pro-metaphase (c) are similar to those observed after transcriptional 
inhibition, heat-shock, or cadmium treatment in interphase nuclei. These long-range speckle 
movements occur within interchromatin regions, as previously observed after transcriptional 
inhibition, with Increased speckle mobility temporally correlated with the increase in chromatin 





















Video A.1. Speckle movements from trajectory types I-III in live CHO cell after DRB 
treatment. 
Corresponds to Figure 2C.  Movie represents maximum intensity 2D projection of 3D image 
stack for each time point. Time (hr:min) after DRB addition and scale bar(1µm) are stamped on 
the movie. 
 
Video A.2. Long-range movement and fusion of nuclear speckles in live CHO cell after 
DRB treatment. 
Corresponds to Figure 3A.  Movie represents maximum intensity 2D projection of 3D image 
stack for each time point. Time (hr:min:sec) after DRB addition and scale bar are stamped on the 
movie. 
 
Video A.3. Long-range movement and fusion of nuclear speckles in live CHO cell after 
DRB treatment. 
Corresponds to Figure 3B.  Movie represents maximum intensity 2D projection of 3D image 
stack for each time point. Time (hr:min:sec) after DRB addition and scale bar are stamped on the 
movie. 
 
Video A.4. Repeated long-range directional speckle movements after DRB 
treatment. Corresponds to Figure 4b, d and e. Each example was found in different cell 
nucleus. Movie represents maximum intensity 2D projection of 3D image stack for each time 
point. Time (hr:min:sec) after DRB addition and scale bar(1µm) are stamped on the movie. 
 
Video A.5. Long-range movement and fusion of nuclear speckles after latrunculin A and 
DRB treatment.  
Corresponds to Figure 5.  Movie represents maximum intensity 2D projection of 3D image stack 
for each time point. Time(hr:min:sec) after DRB addition and scale bar are stamped on the 
movies. 
 
Video A.6. Repeated speckle movements along similar path and fusions with same target 
speckle after DRB treatment.  
Corresponds to Figure 6B.  The local region of interest is marked with box in movie. Correlative 
STED and SIM images of SON and DNA (DAPI) are shown in Figure 6B following fixation and 
staining. Movie represents maximum intensity 2D projection of 3D image stack for each time 
point. Time(hr:min:sec) after DRB addition and scale bar are stamped on the movies. 
 
Video A.7. Repeated speckle motions along similar path and fusions with same target 
speckle after latrunculin A and DRB treatment. 
Corresponds to Figure 6C.  The local region of interest is in the center of the nucleus.  
Correlative STED and SIM images of SON and DNA (DAPI) are shown in Figure 6C following 
fixation and staining. Movie represents maximum intensity 2D projection of 3D image stack for 
each time point. Time(hr:min:sec) after DRB addition and scale bar are stamped on the movies. 
 
Video A.8. Speckles fuse after chromatin barrier is depleted. 
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Corresponds to nucleus I in Figure 7. SiR-Hoechst staining (red) with GFP-SON (green) after 
DRB treatment. Movie is a single optical section for each time point. Time(hr:min:sec) after 
DRB addition and scale bar are stamped on the movies. 
 
Video A.9. Speckles fuse after chromatin barrier is depleted. 
Corresponds to nucleus II in Figure 7. SiR-Hoechst staining (red) with GFP-SON (green) after 
DRB treatment. Movie is a single optical section for each time point. Time(hr:min:sec) after 










































SUPPLEMENTARY FIGURES FOR CHAPTER 3 
 
Figure B.1. Positioning of Hsp70 BAC transgene or endogenous Hsp70 gene relative to a 
nuclear speckle before (37 oC) or after heat shock (HS).  
 
 
(A)Histograms showing fraction of BAC Hsp70 transgenes (lacO) in CHO cell clone C7MCP or 
endogenous Hsp70 alleles HAP1 cells (DNA FISH) at varying distances from the nuclear 
speckle before and after 30min HS (mean±SEM, 3 biological replicates, N= 100-170 per 
replicate). (B)Boxplots showing distribution of varying distances from speckle shown in 
histogram (a). Mean (square inside box), median (line), 25 (bottom) and 75 (top) percentiles; 
ends of error bars- 10 (bottom) and 90 (top) percentiles. *p<0.05, ****p<0.00001, n.s: not 
significant. (C)Histograms showing fractions of RNA FISH signals from the endogenous Hsp70 
locus in CHO or HAP1 cells at varying distances from nuclear speckles after 30min HS 
(mean±SEM, 3 biological replicates, N= 100-20 per replicate). (D)Boxplots showing distribution 
of varying distances from speckle shown in histogram (d). Box format is same as (B). (E) 
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 Figure B.1. Cont. 
Position of BAC transgene (green, white arrowhead) and nuclear speckle (empty arrowhead) 
(Left panels) or endogenous gene DNA FISH signal (red, white arrowhead) and nuclear speckle 
(green, empty arrowhead) (Right panels, DAPI staining blue) at 37 oC (top) or after HS (bottom).   
Scale bars= 1 μm.  (F)Position of RNA FISH of endogenous Hsp70 locus transcripts (red, white 
arrowheads) and nuclear speckle (green, empty arrowheads) after 30min HS in CHO cells (left) 



























Figure B.2. Positioning of Hsp70 BAC transgenes relative to a nuclear speckle before and 
after heat shock (HS) in several independently derived CHOK cell clones. 
 
 
Fraction of BAC transgenes at different distances relative to nuclear speckle (mean ± SEM, 3 



















Figure B.3. Statistics for more complicated classifications of relative movements between 
BAC transgene and nuclear speckle. 
0.45 µm<dmax 
Sub-categories 37℃ Heat shock 
d1 >0.45 µm (1)F 41.7%(10) 30.2%(32), Fig3B, Video2, 
FigB.4A-B 
(2)F&B 8.3%(2)  5.7%(6), Fig3C, Video3, 
FigB.6 
d1 <0.15 µm, 
but dn>0.45 µm 
(3)B 8.3%(2) 26.4%(28), Video4, FibB.7 
(4)Bspk&F or B&F 8.3%(2) 8.5%(9), FigB.5 
 FB+α or BF+α 33.3%(8), Video6, FigB.10 29.2%(31) 




dmax: Maximum distance between transgene locus and speckle observed during imaging. 
d1: Distance between transgene locus and speckle at the 1st time point of imaging. 
dn: Distance between transgene locus and speckle at any time point during imaging. 
F: Forward motion to the transgene or speckle toward another. 
B: Backward motion of the transgene or speckle relative to another. 
+α: Additional movements. 
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Figure B.4. Different types of nuclear speckle dynamics leading to association with Hsp70 
BAC transgene during heat shock (HS). 
 
Temperature increase begins at 1 min, reaching 44 oC at 5 mins (yellow time stamp). BAC 
transgene (bright green), nuclear speckle (lighter green), MS2-tagged nascent transcripts (red, 
mCherry-MS2 binding protein). (A) Combined speckle and transgene movements (Subcategory: 
F, Fig. B.1). Dotted lines connect to relatively stationary speckles. (B) Movement of two 
speckles toward the transgene locus (Sub-category: F, Fig. B.1). (C) Speckle protrusion toward 
the active transgene locus (Categories: speckle protrusion, Table 3.1), with the transgene then  
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Figure B.4. Cont. 
moving closer to speckle. (D) Speckle formation at the active transgene (white arrowhead) after 
HS at 7mins. with nascent transcripts appearing above background at 8 mins (Categories: speckle 






























Figure B.5. Increase in transcription correlates temporally with restoration of speckle 
association. 
 
Sub-category: Bspk&F or B&F, Fig. B.1. Time stamp during HS (yellow), BAC transgene (bright 
green), nuclear speckle (lighter green), RNA MS2-tagged transcripts (red, mCherry-MS2 binding 
protein). (A) Transgene disassociates from speckle at 8 mins, but transgene reassociates with 
speckle at 11 mins. Transcription signals appear at 12 mins. Boxed regions are shown in zoomed 
images (left bottom corner). (B) Transgene disassociates from speckle at 4 mins, approaches 
small speckle at 6 mins coincident with appearance of small transcription signal which increases 
in strength with closer speckle contact again at 7 mins. (C) Transgene disassociates from speckle 
at 8 mins with a small speckle. Transcription decreases between 18 mins and 23 mins, but the 
transgene is connected to speckle again by protrusion of speckle at 23 mins, and transcription 
signals are regained afterward. Boxed regions are zoomed (bottom of each nuclear image), and 













Figure B.6. Cont. 
As transgene moves away from speckle, its transcripts maintain speckle-transgene association 
through an elongated connection. Subcategory: FB, Fig. B.1. Time stamp during HS (yellow), 
BAC transgene (bright green), nuclear speckle (lighter green), RNA MS2-tagged transcripts (red, 
mCherry-MS2 binding protein). (A) Transgene touches speckle at 9 mins and transcript signal 
appears at 10 mins; transgene moves away from speckle at 16 mins, with loss of transcript signal 
at 17 mins. (B) Transgene moves to speckle and transcript signal appears at 7 mins; transgene 
moves away from speckle at 13 mins with a small speckle. Transcript signal again increases at 
























Figure B.7. Maintenance of high RNA transcript signal for an extended time after BAC 
transgene separation from nuclear speckle. 
 
 
The transcript signal correlates with continued connection to nuclear speckle via an extended 
nascent transcript accumulation. Sub-category: B, Fig.B.1. Time stamp during HS (yellow), 
BAC transgene (bright green), nuclear speckle (lighter green), RNA MS2-tagged transcripts (red, 
mCherry-MS2 binding protein). (A) The transgene is associated with a speckle at 4mins. 
Transcripts are accumulated between speckle and the transgene locus afterward. As transgene  
102 
 
Figure B.7. Cont. 
moves away from speckle, its transcripts maintain speckle-transgene association through an 
elongated connection (Video 4).  (B) Second example as in (A), with the elongation of 






























Figure B.8. No lasting transcription for non-associating locus. 
 
Category: No association, Table 3.1. Time stamp during HS (yellow), BAC transgene (white 
arrowheads, bright green), nuclear speckle (empty arrowheads, lighter green), RNA MS2-tagged 
transcripts (red, mCherry-MS2 binding protein). Arrow (15 min) shows direction of transgene 
movement. Transcriptional bursting is observed at both non-associating transgene loci at 13 
mins. These bursting signals are observed again at 15min at both loci. At 16 mins, one transgene 
(left) associates (A) with a speckle and now maintains elevated transcript signal during the rest 
of observation time, whereas the other transgene which is not associated (N) with speckle does 














Figure B.9. Coordinate movement of speckle and gene. 
 
 
Nuclear speckle and associated BAC transgene move together as a single unit before merging 
with a different speckle, suggesting a stable attachment of transgene and speckle (Video 5). 
Category: coordinate movement of speckle&gene, Table 3.1. Time stamp during HS (yellow), 
BAC transgene (white arrowheads, bright green), nuclear speckle (empty arrowheads, lighter 
green), RNA MS2-tagged transcripts (red, mCherry-MS2 binding protein). White arrows mark 

















Figure B.10. Movements of Hsp70 BAC transgene away from and back to nuclear speckles 
at 37 oC.   
 
 
BAC transgene (white arrowheads, bright green), nuclear speckle (empty arrowheads, lighter 
green), mCherry-MS2-binding protein (red). White arrows mark the direction of gene 
movements. (A) Stable associations with nuclear speckles are seen in most cells. Category: 
dmax<0.15, Table 3.1. (B-C) BAC transgene shows 2 (B) or 4 (C) long-range movements away 
from and then back towards nuclear speckle (Videos B.6 (B) and B.7 (C)). (B) Sub-category: 









Time (min) and scale bar (1 µm) stamped on video. Video 1-5: Temperature increase begins at 1 
min, reaching 44 oC at 5 mins. Video 6-7: Temperature at 37 oC  
 
Video B.1. Appearance of MS2-tagged nascent transcripts (red) without delay after heat shock 
for BAC transgene (green) stably associated with nuclear speckle (lighter green) (see also Fig. 
2.3A).   
 
Video B.2. Appearance of MS2-tagged nascent transcripts (red) with delay after heat shock for 
non-associated transgene (green) to move to and make contact with nuclear speckle (lighter 
green) (see also Fig. 2.3B).   
 
Video B.3. Decrease and disappearance of MS2-tagged nascent transcripts (red) after 
disassociation of transgene (green) from nuclear speckle (lighter green) (see also Fig. 2.3C).  
 
Video B.4. Delayed decay of MS2-tagged nascent transcripts (red) after transgene (green) 
disassociation from nuclear speckle (lighter green). It is associated with a persistent, 
accumulation of nascent transcripts that elongates and appears to physically connect the nuclear 
speckle with the transgene even after the transgene moves away from the speckle (see Fig. B.7). 
 
Video B.5. Coordinated movement of transgene (green) and nuclear speckle (light green) 
suggesting stable physical attachment of transgene with speckle during heat shock (see Fig. B.9). 
  
Video B.6. Repeated movement of transgene (green) away from and then back to a nuclear 
speckle (lighter green) at 37oC (See Fig. B.10B). 
 
Video B.7. Repeated movement of transgene (green) back and forth between two nuclear 






HEAT SHOCK INDUCED NUCLEAR STRUCTURE 
 
LifeAct has been widely used to visualize actin dynamics in live cells. However, in a 
concentration-dependent manner, it can produce artifacts by promoting actin filament nucleation 
or by inhibiting elongation of actin filament (Courtemanche, Pollard, & Chen, 2016). Thus, we 
tested newly established nuclear Actin-Chromobody (Plessner, Melak, Chinchilla, Baarlink, & 
Grosse, 2015) to visualize nuclear actin structures in various conditions. Actin-Chromobody is a 
~14 kDa sized nanobody, and can bind G-actins as well as F-actins. To make stable cell lines 
expressing nuclear actin-chromobody (nAC), we purchased nAC-TagGFP plasmid from 
Chromotek, transfected into NIH3T3, CHO K1, U2OS, and started a selection with 300~400µg/ml 
G418 next day. Using the mixed population of CHO K1 and NIH 3T3 cells stable expressing nAC-
TagGFP, we first tested the functionality of this nanobody during cell spreading on a fibronectin-
coated surface, which is the well-known condition for nuclear actin filament formation (Plessner, 
Melak, Chinchilla, Baarlink, & Grosse, 2015). As previously reported, we observed nuclear F-
actin formation during cell spreading (data not shown). Small fiber-like actin F-actin network 
appeared throughout the nucleus in most of NIH 3T3 cells, but only several thick and long 
filaments formed in a small fraction of CHO K1 cells.  
We then tested the formation of nuclear F-actins under transcription inhibition conditions which 
significantly increase nuclear speckle mobility (discussed in chapter I). Transcription inhibition by 
DRB, Triptolide, and α-amanitin did not induce nuclear F-actin formation although nuclear 
speckles dynamically and directionally moved and merged under this condition. However, 
unexpectedly, after heat shock, we observed nuclear structure formation specifically recognized 
by this actin nanobody. Interestingly, this structure not only co-localized with nuclear speckles but 
also formed connections between speckles (Fig. C). To visualize the real-time formation of this 
structure simultaneously with EGFP-SON, we replaced TagGFP of the original construct to 
SNAP-tag, and transfected the SNAP-nAC construct into EGFP-SON expressing CHO K1 clone 
(E9). After about 2 weeks of selection with 400ug/ml G418, we obtained a mixed population 
expressing EGFP-SON and SNAP-nAC. With this mixed population, we observed the real-time 
formation of nuclear structure stained by TMR-SNAP-nAC in live cells during heat shock (Fig. 
C.A). The temperature of the cell chamber and the objective lens was set at 44℃ for heat shock 
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right after the first frame was taken, and became 44℃ at 5min time point. We observed nAC 
started to accumulate at the sites of nuclear speckles when the temperature reached 44℃, and as a 
function of time after heat shock, nAC accumulated more within nuclear speckle as well as in 
broader regions including the vicinity of nuclear speckle and regions between speckles. This 
localization of nAC between speckles gives an impression that this nAC may represent traffic of 
nAC between speckles or paths which speckle material may preferentially follow.  
Latrunculin A (latA) treatment forms a punctate structure of nAC at 37 ℃, and this structure is 
maintained without alteration of its structure or accumulation in speckle area even after HS (Fig. 
C.B). 
 Although this nuclear structure was specifically recognized by nAC after HS or latA treatment, it 
was not stained by phalloidin in either fixed or live cells. It suggests that this structure may not a 
filament form. Moreover, other actin assembly inhibitors such as CK666 and SMIFH2 did not 
disrupt the formation of this nuclear nAC structure during HS (data not shown). 
 Therefore, despite specific nuclear localization of nAC after HS, and its response to latA, we 
cannot completely rule out the possibility that nACs lose its molecular structure and aggregate 
during heat shock because phalloidin staining or actin polymerization inhibitors did not work. To 
determine whether this is merely HS-induced aggregates of nAC or whether this is different 
functional form of nuclear actin, we need further intensive studies. 
 
Courtemanche, N., Pollard, T. D., & Chen, Q. (2016). Avoiding artefacts when counting 
polymerized actin in live cells with LifeAct fused to fluorescent proteins. Nature Cell 
Biology, 18(6), 676-+. doi:10.1038/ncb3351 
Plessner, M., Melak, M., Chinchilla, P., Baarlink, C., & Grosse, R. (2015). Nuclear F-actin 
Formation and Reorganization upon Cell Spreading. Journal of Biological Chemistry, 











Figure C.1. Heat shock induced nuclear actin structure colocalizes with nuclear speckle. 
 
(A) Time-lapse images of formation of nuclear actin structure after heat shock (HS). 
Temperature starts to ramp up at 1min, and reaches 44℃ at 5min. Scale bars: 1 μm 
(B) Time-lapse images of formation of nuclear actin structure in latrunculin A (latA) treated cells 








LOCALIZATION OF MYOSINIC IN NUCLEAR SPECKLE 
 
Figure D.1. Myosin IC accumulates in nuclear speckle domains after DRB treatment but 















Figure D.1. Cont. 
 
(A) Wide-field image of Myosin IC (red) accumulation within nuclear speckle (green) after 1 or 2 
hour DRB treatment. Scale bars: 2 μm 
(B) STED images of speckle granules and Myosin IC. Nuclear speckles (green) colocalize with 
the region where Myosin IC concentrates, but speckle granules in nucleoplasm do not colocalize 







STED IMAGES OF CHROMATIN STRUCTURE IN THE INTERPHASE NUCLEUS 
Figure E.1. 
 
 (Top left) Stimulated emission depletion (STED) image of chromatin (SiR-Hoechst, red) and 
confocal image of speckle (EGFP-SON, green) in the interphase nucleus of CHO cell. (Top right) 
Time-gated STED image of chromatin (red) and confocal image of EGFP-SON (green) in the 
interphase nucleus of CHO cell. Dotted squares indicate regions of interest (ROI). (Bottom) ROI 
1: Fine structure of chromatin resolved by STED microscopy. The width of the finest chromatin 
structure in the region is ~50nm. ROI 2: the widths of overall chromatin fibers are generally 
150~250nm. This region shows a stretch of chromatin fibers toward speckle. ROI 3: another region 













Figure F.1. Cont. 
2D live cell images taken by structured illumination microscopy. These snapshot images (left 
and right) show nuclear speckles and its components (EGFP-SON) moving in and out of nuclear 
speckles. Interestingly, maximum intensity projection of all time-lapse images into 2D (middle) 
shows that speckle materials do not randomly diffuse in or out of nuclear speckle, instead 
preferentially follow specific paths between nuclear speckles. Yellow arrows mark the trails of 
speckle materials found in the projected image. These connections between speckles become 



























DELETION OF HSP70 GENES ON HSP70 BAC AND ITS POSITIONING RELATIVE 
TO SPECKLE 
 
We observed that more than 90% of HSPA1B-3’UTR-MS2 BAC, in which two of the three 
Hsp70 genes were deleted, associated with speckles prior to heat shock. To see whether this 
preferential positioning near speckle was due to Hspa1b region, we deleted ~13 kb region 





transfected this modified BAC into CHO DG44, and selected with 400 µg/ml G418 to get mixed 
population of stable clones. Using DNA FISH and SC35 immunofluorescence staining, we 
visualized the integrated BAC and nuclear speckle together. In 99 cells (86%) out of 115, the BAC 
positioned near speckle, and in 16 cells (14%), it was not associated with any speckle (Fig. G). 
























(Top) Images of DNA FISH (streptavidin-A488, green), and SC35 immunostaining (red) in Hsp70 
deleted BAC integrated CHO DG44 cells. (Top left) Hsp70 deleted BAC was integrated into a 
single site, and not associated with nuclear speckle. (Top middle) Hsp70 deleted BAC was 
integrated into a single site, and associated with nuclear speckle. (Top right) The large copy 
number of Hsp70 deleted BAC was integrated, and associated with multiple speckles. (Bottom) 













EFFECTS OF SPECKLE ASSOCIATION ON THE COMPLETION OF MRNA 
SYNTHESIS 
 
5,6-dichloro-1-β-ribofuranosyl benzimidazole (DRB) blocks transcription via inhibition of 
kinases involved in transcription elongation (Bensaude, 2011; Yankulov et al., 1995). Factors 
related to transcription elongation such as the Cdk9 and cyclin T subunits of TAK/ P-TEFb localize 
in nuclear speckle. We hypothesized that if nascent transcripts/gene was associated with nuclear 
speckle, full mRNA production might be efficiently completed by components directly recruited 
from nuclear speckle. We did single molecule RNA FISH (smRNA FISH) using Cy5-labeled 
probes targeting Hsp70 transcripts and TMR-labeled probes targeting MS2 repeats at the 3’of 
Hsp70 transcripts, and counted cells with visible nascent transcript signals of Hspa1b or MS2 at 
the speckle associated locus (n(A)=114 cells) or the non-associated locus (n(N)=101 cells). When 
we investigated cells with speckle associated transgene locus (A), ~ 60% of these cells have both 
Hsp70 and MS2 signals, and the rest has only Hsp70 signals. However, when we looked the non-
associated transgene locus (N), only ~15% of these cells had both Hsp70 and MS2 signal, and 
~50% of cells were with Hsp70 signal only. The significant decrease in cell fraction with complete 
transcripts for the non-associated suggests that speckle-associated genes may take advantage of 
getting more transcription or elongation factors directly from nuclear speckle where transcription 


















(Top) A scheme of smRNA FISH probe design. Probes for Hspa1b gene was labeled with Cy5, 
and probes for MS2 was labeled with TMR. (Bottom left) Histogram of cell fraction with different 
signals at speckle-associated transgene locus or non-associated locus. (Bottom right) An example 
smRNA FISH image of each case shown in histogram. mRNA FISH signal is in red. EGFP-SON 

















REDUCED TRANSCRIPTION LEVEL OF HSP70 BAC TRANSGENE AFTER 
LATRUNCULIN A TREATMENT 
 
In chapter 3, we showed that after heat shock (HS), the non-associated Hsp70 BAC transgenes 
tended to move toward, and associated with speckle. This resulted in a decrease in the cell fraction 
with transgene locus ≧0.45µm in distance from speckle. It raised a question whether actin 
polymerization involves this transgene movement or association with speckle. To find an answer, 
we used latrunculin A (latA) to inhibit actin polymerization, and investigated the distribution of 
the transgene positioning relative to nuclear speckle before and after HS. The distribution after 
latA treatment without HS was comparable to one in control at 37℃, but the distribution after latA 
treatment with HS was different from one only with HS. This was rather comparable to one in 
control without HS. This appeared that latA treatment blocked speckle association of non-
associated locus, but did not interrupt speckle-gene association already formed prior to latA 
treatment. 
After latA treatment, transcription levels for the speckle associated became as low as for the 
non-associated. Reduction in transcription level for both the speckle associated and non-associated 
suggest that actin may involve in the delivery of required transcription factors, which may not exist 















Figure I.1. Inhibition of actin polymerization by latA does not prevent speckle association 






(Left) Histogram showing position of Hsp70 BAC transgene relative to nuclear speckle 
with/without latA treatment and with/without HS. 
(Right) smRNA FISH intensity at speckle-associated or non-associated transgene locus 















LONG-RANGE OSCILLATING GENE MOVEMENT AFTER TRANSCRIPTION 
INHIBITION 
 
We observed transcription inhibition caused a loss of speckle contact of Hsp70 BAC 
transgene, and increased the distance between the locus of transgene and speckle (Fig. J.1). In 
control, only 3~8% of the transgene locus located ≧ 0.45 µm in distance from speckle, whereas 
upon transcription inhibition, 10~50% of the transgene locus fell into this group. Heat shock 
(HS) with α-amanitin or DRB treatment increased the distance further. Among three tested 
transcription inhibitors (DRB, α-amanitin triptolide), α-amanitin, known to specifically bind to 
RNA polymerase II (Bushnell, Cramer, & Kornberg, 2002), had the biggest effect on an increase 
in distance between the transgene and nuclear speckle. 
To determine whether the increase in distance between the transgene locus and speckle was 
due to transgene movement off from speckle, we took live-cell movies of C7MCP clone, which 
expressed EGFP-SON and EGFP-dlacI which bound to lacO repeats of Hsp70 BAC, at 37℃ 
after transcription inhibition. Interestingly, after transcription was inhibited by either α-amanitin 
or Triptolide (TRP), and once the BAC transgene lost a speckle contact, the transgene showed an 
oscillating motion, a repeat of backward and forward movement relative to the speckle (Fig. J.2). 
We also observed similar movement of the BAC transgene after KRIBB11 or DRB treatment. 
We analyzed the oscillating motion observed during α-amanitin or KRIBB11 treatment, and 
compared to constraint motion of stably speckle-associating transgene. Maximum displacements 
of oscillating motions were typically in range between 0.5~2.8µm with 0.1~0.25 µm step size 
per min, which were comparable to that in control. A plot of mean square displacement(MSD) 
vs. time lag of these two different motions clearly showed different slopes (Fig. J.3). At 
logarithm scale, α = ~1 at up to ~1.5 min time lag indicated that both oscillating motion and 
constraint motion were based on a diffusive behavior, but α value at larger time-lag was smaller 
for constraint motion while α value for oscillating motion is still close to 1. Therefore, this 
suggests that both motions are likely based on diffusion with similar size of steps, but movable 
space at larger time scale becomes much larger when the transgene loses speckle contact. α-
amanitin treatment with latrunculin A(latA) decreased the maximum displacement of long-range 
oscillating motion, but did not decrease step size or frequency (18/ 57cells, 37%). This may be 
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because latrunculin A treatment causes nuclear shape change due to loss of polymerized actins, 
and it decreases nuclear volume. In the future, the mechanism of oscillating motion, how the 
transgene finds and comes back to the same speckle, needs to be studied.  
Interesting, we observed that such oscillating motion occurred most in the absence of 
transcription after α-amanitin treatment (Table J). Similar frequency of transgene oscillation was 
observed after KRIBB11 treatment to block heat shock factor (HSF) (8/41 at 37℃, 8/39 after 
HS) and TRP treatment (7/31 at 37℃, 5/17 after HS). We then observed the motion with less 
frequency at 37℃ without any treatment, which was assumed to be a transcription-paused 
condition (Mahat et al., 2016). During heat shock, all transgene motion appeared to be biased 
toward speckle without losing speckle association afterward during observation time. It suggests 
that the frequency of oscillation correlate with transcription activity. We assume nascent 
transcripts synthesized after HS at the transgene locus may stabilize speckle association, whereas 
the low amount of or the absence of transcripts cannot provide such sustainable speckle 

























Measurement of the distance between Hsp70 BAC transgene locus and nuclear speckle nearby in 
C7MCP CHO clone after the indicated treatment. This clone was examined with 50ug/ml α-
Amanintin (A2263, Sigma, 1mg/ml in DI water), 130nM triptolide (T3652, Sigma, 1mg/ml in 
DMSO), 50μg/ml (Sigma, 50mg/ml stock solution in DMSO) for 2hours relatively. Transcription 













Figure J.2. Example of oscillating motion of Hsp70 BAC transgene relative to speckle after 









Figure J.2. Cont. 
(A) Time-lapse images of α-amanitin treated cell showing the oscillating motion of Hsp70 BAC 
transgene relative to the same speckle. White arrowheads point moving transgene locus. Yellow 
arrows indicate the direction of the transgene movement. 
(B)Same as (A) but for TRP treated cell. 
(C) Maximum intensity projection of all time-lapse images (0~66min) for α-amanitin treated 
cell. White boundary indicates the region where the transgene travels during observation time. 


























Figure J.3. Analysis of mean square displacement (MSD) of speckle associated gene vs. 




(Top) Maximum intensity projection of time-lapse images (1~200 frame, 6sec/frame) for speckle 
associated gene (left) and oscillating gene relative to speckle (right). White arrowheads point the 
region where the transgene travels, and empty white arrowheads point a speckle. The boundary of 
the speckle is circled with a dotted line. 
(Bottom left) Plot of mean square displacement (MSD) vs. time lag (s) for speckle-associated and 
oscillating gene relative to speckle. (Bottom right) The log-log plot of MSD as a function of time. 








Table J.1. Type of motions observed in different stage of transcription. 
 
Type of motions 








45/108(42%) 29/154(19%) 23/172(13%) 
Oscillating motion  
29/45 (64%) 
2 times during 40min 
8/29(28%), 





F 4 11 23 
B 16 5 0 
S 6 5 0 
*F: movement forward to speckle 
B: movement backward relative to speckle 
S: movement to another speckle 
 
